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1 Introduction 1

1 Introduction

In this work pharmacometric analyses were perfortoeidvestigate the pharmacokinetics
and the pharmacokinetic/pharmacodynamic relatignsbi the novel dipeptidyl-
peptidase 4 (DPP-4) inhibitor linagliptin, whichuadergoing clinical development for the
treatment of type 2 diabetes.

11 Type 2 diabetes mellitus

1.11 Epidemiology and pathology

Recent estimates revealed that in the year 200 nithion people suffered from diabetes
worldwide (1). This number is projected to rise3&6 million people affected in the year
2030 (2). Diabetes mellitus is defined by the curd@/orld Health Organization (WHO)

(3,4) and American Diabetes Association (5) diagjnagiteria based on plasma glucose
levels. If a venous fasting plasma glucose (FR®G)Y0 mmol/L or a venous plasma
glucose=11.1 mmol/L, 2 h after ingestion of a 75 g oral agise load is diagnosed, a
patient is considered to be diabetic. The WHO diassdiabetes mellitus based on
aetiology in four types: type 1, type 2, other s$fietypes and gestational diabetes (4).
Type 2 diabetes is the common major type, affecB88g95% of diabetic patients in

developed countries and an even higher percentagevieloping countries (1). It is caused
by impaired pancreatic insulin secretion, almostaglks with a major contribution of

insulin resistance (4,6,7), the reduced suscejilmf muscle, liver, and adipose tissue to

insulin.

Insulin resistance plays a central role in the pa¢imesis of type 2 diabetes mellitus. It is
influenced by genetic (e.g. mutations in the PRARNe) (8,9) and environmental (e.qg.
obesity) factors (10,11). Initially, insulin ressice in muscle leads to reduced insulin-
dependent glucose uptake compensated by increaspancreatic insulin secretion to

maintain normal blood glucose levels (12). Howeas,the disease progresses, insulin
secretion decreases (11). Lower levels of insulmirdsh the insulin-dependent uptake of
glucose in muscle and thus lead to higher postediaaglucose levels. In addition, hepatic

glucose production, which is normally inhibited msulin, is augmented. This in turn
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leads to an increase of fasting plasma glucosdsleWgcreasing hyperglycemia on the
other hand deteriorates both insulin sensitivityl ansulin secretion — a phenomenon
known as ‘glucose toxicity’(13). Insulin resistaralso affects adipose tissue, leading to an
increase in free fatty acids from enhanced lipglysihich further diminishes the insulin
response in skeletal muscle and liver and may ditiad further impair pancreatic insulin
secretion (‘lipotoxicity’) (14). An overview of faers contributing to hyperglycemia is

provided in Figure 1-1.
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Figure 1-1 Major metabolic defects and treatment options of type 2 diabetes, adapted from (12).

Hyperglycaemia resulting from type 2 diabetes le@da diminished life expectancy and
quality of life (3). It is associated with risk aficrovascular complications, e.g. retinopa-
thy, nephropathy, and neuropathy, as well as masidar complications, e.g. ischaemic
heart disease, stroke, and peripheral vasculaagsBseCardiovascular disease accounts for
approximately 70% of the mortality in diabetic jgatis (15). Controlled clinical studies
demonstrated that intensive glycaemic control sldaeisn the progression of microvascu-
lar complications in patients with type 2 diabe{@6-18). A positive effect of intensive
diabetes therapy on macrovasular complicationsdédteliovascular disease however could
so far only clearly be shown in type 1 diabetes,2@pP and is controversial for type 2
diabetes (21-23).
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1.1.2 Treatment

For type 2 diabetic patients, several treatmenionptare available (12,24). While the
major focus of diabetes treatment is glycaemic robnbther strategies target coincident
features of the disease such as insulin resistancebesity. The current consensus
treatment of type 2 diabetes follows a stepwisemagrstarting with lifestyle interventions

(e.g. diet and exercise) and pharmacotherapy wifammin. Eventually, combination

therapy with lifestyle interventions, oral agerasid/or insulin is generally indicated for
many type 2 diabetic patients (24). The succesheofintidiabetic therapy is controlled by
measuring blood glucose, as an index of acute gy and HbAlc, i.e. glycosylated

haemoglobin, as an index of chronic glycaemia (24).

Lifestyle interventions to promote weight loss a@ndrease exercise should, if possible,
always be included in the treatment of diabeteg. (2¢hile weight loss can effectively

ameliorate hyperglycaemia (25), the long-term ssad incorporating such intervention
programs into the usual lifestyle and maintainihgni is limited. For pharmacotherapy,
several classes of antidiabetic medications areeotly available, targeting different

angles of the disease (Figure 1-1). Hepatic glugosduction is decreased by metformin,
resulting in decreased fasting glycaemia. Sulforeda and glinides act by enhancing
insulin secretiona-Glucosidase inhibitors reduce the rate of digestibpolysaccharides,

thereby lowering postprandial glucose levels (Zgljtazones increase the sensitivity of
muscle, fat, and liver to insulin (27). Finally,sidin is the oldest and most effective
treatment for lowering glycaemia, and over time,asell function decreases, many
diabetics require intensive insulin therapy. Matior, sulfonylureas and glinides lower
HbAlc by ~1.5% (12,24), more than the other oraidaabetics, but not as much as
insulin. Metformin is indicated at every stage loé tdisease (24). In the United Kingdom
Prospective Diabetes Study it was shown not tocatbedy weight (28) and to decrease

mortality compared to other antidiabetic treatmémi.

These currently available therapies for type 2 elie® have several disadvantages includ-
ing increased risk of hypoglycaemia (sulphonyluyéasulin), gastrointestinal side effects
(metformin, a-glucosidase inhibitors, amylin agonists), weigtding (sulphonylureas,
glitazones, glinides, insulin), fluid retention aoongestive heart failure (glitazones) (29),

as well as myocardial infarction (rosiglitazone),@Ll). One new approach yielding
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promising results is the use of agents that mimi@mhance the effect of incretin hor-
mones. This new approach is discussed in detagdtion 1.2.3.

1.2 New treatment options based on incretins

1.2.1 Incretins

An oral glucose load leads to a greater insulimet@m compared to an intravenous (i.v.)
glucose load matched to produce a similar glycaguroéle (32,33). This phenomenon is
called ‘incretin effect’. The incretin hormones migi responsible for this effect are
glucagon-like peptide 1 (GLP-1) and glucose-depehdesulinotropic peptide (GIP)
(34,35). Incretin hormones are secreted from imakendocrine cells in response to oral
but not intravenous glucose administration. GLPs1sécreted from L-cells, GIP from
K-cells (34). Secretion occurs in response to imtake of carbohydrates, lipids and, in the
case of GLP-1, also proteins (36). GLP-1 and Gl lmmhance the insulin secretion in
pancreatic 3-cells (35,37-39). In addition, GLPefisan glucose homeostasis by inhibiting
the glucagon secretion of pancreaticells, thereby further decreasing the hepaticagac
production (40-42). Both mechanisms directly lowbe plasma glucose levels in a
glucose-dependent manner. For rodents, GLP-1 arR®l l@&ve been shown to have
protective effects on pancreatic 3-cells by enhantheir proliferation and increasing their
resistance to apoptosis (43-47). Moreover, theigalrof isolated human islets of Langer-
hans was prolonged in the presence of GLP-1 (48)ereneficial aspects of GLP-1 are
the prolongation of gastric emptying (49,50) ane itduction of satiety, both supporting
dietary goals in diabetes treatment.

In type 2 diabetic patients, incretin levels (mgiGILP-1) are reduced (51) and the incretin
effect is markedly decreased compared to healtHynteers (52). In line with these
studies, patients with impaired glucose tolerarm@asa reduced suppression of glucagon
following an oral glucose load compared to heakbojunteers (53). In type 2 diabetic
patients, the insulinotropic activity of GLP-1, @ontrast to GIP, remains relatively intact
(54). Pharmacotherapy therefore mainly focuses @®-G Continuous subcutaneous
infusion of GLP-1 over six weeks normalised bloddcgse levels, decreased HbAlc and
body weight and greatly improved the first-phassulim response in type 2 diabetic
patients (55).
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1.2.2  Dipeptidyl-peptidase 4

DPP-4 rapidly inactivates the incretins, making tbeg-term diabetes treatment with
GLP-1 itself difficult. The hydrolytic activity oDPP-4 results in half-lives of 1-2 min for
GLP-1 and 7 min for GIP (36). In fact, more tha®b0f secreted GLP-1 is degraded by
DPP-4 immediately following release into intestircapillaries, i.e. before reaching the

general circulation (56).

DPP-4 (EC 3.4.14.5) is an ubiquitous serine-typptidase that cleaves dipeptide frag-
ments from the N-terminus of polypeptides with eitlproline or alanine as their second
residue most effectively (57). Furthermore, DPRe& as regulatory peptidase on a large
number of bioactive peptides. Substrates that baes identified for DPP-4 (58) include,
besides gastrointestinal hormones like GLP-1 an® @9), the neuropeptides (58)
endomorphin, neuropeptide Y (60), substance P &B&t) bradykinin, as well as growth
hormone-releasing hormone (59,62) and several ckiee® (63). Apart from its catalytic
activity, it interacts with a number of other pro&e e.g. collagen (64), the chemokine
receptor CXCR4 (65), adenosine deaminase (66)trmttuman immunodeficiency virus
gp120 surface protein (65,67). In the immune syst@RP-4, also known as CD26, acts as
a co-stimulatory molecule in T cell activation (57) also plays a role in malignant
transformation, cancer progression (68-70), angiplyshuman immunodeficiency virus
entry (71).

DPP-4 is expressed in a variety of tissues, prinan the apical membrane of epithelial
and endothelial cells (57,72-75). The distributioh DPP-4 when determined with a
polyclonal antibody corresponds to the distributmDPP-4 activity determined histo-
chemically (74). In blood vessels, lung, myocardiana striated muscles, almost the total
DPP-4 activity is located endothelially (75). Irdiey, intestine, and liver however, where
DPP-4 is abundantly expressed (58,72,76), endatieRP-4 activity accounts for only a
small part of the total DPP-4 activity (75). The mi@ane-bound form of DPP-4 is also
found on fibroblasts (76), T-cells (77) and othel types (57). In addition to the mem-
brane-bound form, DPP-4 exists as a soluble forcking the intracellular part and the
transmembrane region (78). Soluble DPP-4 is praselotv nanomolar concentrations in
plasma (79,80) and other body fluids (57). Theioraf soluble DPP-4 in human plasma is
not completely understood, but several lines oflence suggest that soluble DPP-4 may

originate from endothelial or epithelial cells oorh circulating leukocytes.
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A substrain of Fischer rats (F344/DuCrICrlJ) breg ®harles River, Japan exhibits a
mutation resulting in the complete loss of DPP-dvdyg (81). In these animals, most of
the immature protein is retained and degradederetidoplasmic reticulum (82). A DPP-4
knockout mouse model has also been developed [B3pite its ubiquitous localisation
and its multiple functions, DPP-4-deficient ratslddPP-4 knockout mice are viable and
show no evident pathology. In both animal modéils,lack of DPP-4 interferes with blood
glucose regulation. After a glucose challenge,cin@LP-1 levels rise higher than in the
respective wildtype animals leading to elevatedlindevelsaccompaniedby lower blood
glucose levels (83,84). For DPP-4-deficient rat&als also demonstrated that the devel-
opment of diabetes under a high fat diet is lesguent compared to wildtype rats (85,86).

1.2.3  GLP-1 agonists and DPP-4 inhibitors

With the aim of obtaining clinical benefit from tipesitive effects of incretins despite their
short half-life, GLP-1 analogues resistant to DPé&egradation and compounds inhibiting
DPP-4 have been developed. GLP-1 agonists suckesmtide or liraglutide bind to the
GLP-1 receptor on pancreatic B-cells and augmeaimtogke-mediated insulin secretion.
They also suppress glucagon secretion, resultimgdecreased hepatic glucose production,
and they slow down gastric emptying (87). GLP-1ragts mainly reduce post-prandial
glucose levels and do not cause hypoglycaemia (@)ical studies have indicated that
the administration of GLP-1 agonists lowers bodygiveby ~2—-3 kg over 30 weeks (88-
91), and by ~4 kg after 80 weeks (92). The maireeshy effects are nausea, vomiting, and
diarrhoea, but these apparently abate over time9{87 Some patients were shown to
develop antibodies against GLP-1 agonists, albiglt weak binding affinity and low titres
(88-91). Being peptide molecules, GLP-1 agonisgsiire subcutaneous injection. In April
2005, the U.S. Food and Drug Administration (FDASpeoved the first GLP-1 agonist,
synthetic exendin-4, exenatide. Exenatide needsetadministered twice daily due to its
short half-life. Liraglutide is a new GLP-1 agometh a longer half-life, submitted to the
FDA in 2008, that can be given once daily.

While GLP-1 agonists mimic the biologic function®tP-1, DPP-4 inhibitors prevent the
degradation of incretins by DPP-4, prolonging tlemdficial effects of these regulatory
peptides for type 2 diabetic patients. They stiteulasulin secretion and inhibit glucagon
secretion, but unlike GLP-1 agonists they are rssoaiated with the prolongation of
gastric emptying (87) and clinical studies dematstt that DPP-4 inhibitors do not affect
body weight (87,93,94). In general, they are wakrated and, like GLP-1 agonists, do not
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cause hypoglycaemia (24,94). As DPP-4 is involvedthe immune system, DPP-4
inhibitors carry the potential risk of interferingth immune function. In fact, an increase
in infections, e.g. of the upper respiratory tra@s reported for sitagliptin, but not for
vildagliptin (94). In October 2006, the FDA apprdvihe first DPP-4 inhibitor sitagliptin.
The second DPP-4 inhibitor vildagliptin is so faryapproved in Europe, since February
2008. Alogliptin and saxagliptin were submittedth® FDA in 2007 and 2008, respec-
tively.

In general, GLP-1 agonists and DPP-4 inhibitorsveedl tolerated and lower HbAlc by
0.5-1%, comparable ta-glucosidase inhibitors (24). Both classes have ghtential
advantage of preserving the [3-cell mass throughusdtion of cell proliferation and
inhibition of apoptosis, as demonstrated in animabtels (95-98). However, these effects
need yet to be confirmed in human. In addition,riafiem surrogate endpoints like
reduction in fasting plasma glucose and HbAlc, icdiy important endpoints like
reduction of the incidence of cardiovascular evérage to be examined in order to prove

the long-term efficacy of these new compounds.

1.3 Linagliptin

Linagliptin is a novel competitive DPP-4 inhibitoinder clinical development for the
treatment of type Il diabetes. Its chemical striestis depicted in Figure 1-2 (99). It binds
to the active site of the DPP-4 enzyme, as showthé&rystal structure of human DPP-4
in complex with linagliptin (100).

A Zt%

Figure 1-2 Chemical structure of linagliptin

H

Linagliptin is highly soluble in water at the phgkigical pH of 7.4 (>5 g/L) (100), at
acidic pH linagliptin solubility is increased (10T displays a log D value of 0.4 at pH 7.4

indicating that its solubility in the lipophilic tanol phase is greater compared to the
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aqueous phase (100). The linagliptingpialues of 1.9 and 8.6 correspond to the protona-
tion of the nitrogen of the quinazoline group ahd primary amino group, respectively
(100).

1.3.1  Pharmacodynamic properties

1.3.1.1 InVitroinvestigationsand preclinical pharmacodynamics

In vitro studies revealed linagliptin to be a highly potesimpetitive DPP-4 inhibitor. The
concentration leading to half-maximal inhibitiorC{) of DPP-4in vitro was approxi-
mately 1 nM, and thus linagliptin was more potemtnpared to sitagliptin (I6g: 19 nM),
alogliptin  (1Gs: 24 nM), saxagliptin  (16: 50 nM), and vildagliptin (I6: 62 nM).
Linagliptin binding to DPP-4 exhibits a slow offtea(3.010° s %) (101).

The potent DPP-4 inhibition of linagliptin was confed in vivo in various species
including male Wistar rats, Beagle dogs, and Rhesoskeys. In all three species,
linagliptin was highly efficacious and resultedlamg-lasting and potent DPP-4 inhibition
of >70% for >7 h after oral administration of 1 hg/(100). After a single oral dose of
3 mg/kg, linagliptin increased active GLP-1 anduliirs levels, and reduced the glucose
levels compared to the control group after an ghatose tolerance test (OGTT) in Zucker
fatty rats (101). The effect on glucose toleran@s Wong-lasting. Glucose excursion was
significantly reduced 16 h after a single admimigstm in C57/BL6 mice, or 24 h in Zucker
fatty (fa/fa) rats (101). Glucose excursion was soeed by an OGTT, as the increment of
the area under the plasma concentration-time c{(AW£) of glucose. In addition, basal
active GLP-1, but not basal insulin levels, werevated in Zucker fatty rats and in the
postprandial phase, plasma glucagon values tenuldak tlower (101). The effects of
linagliptin after a single dose were confirmed fiaultiple dosing in two animal models for
diabetes, high-fat diet/streptozotocin-induced dietbmice and Zucker diabetic fatty rats
(102). In addition, HbAlc was decreased after 4-€eks of treatment. In both animal
models, body weight was unaffected compared toeplatreatment.

1.3.1.2 Clinical pharmacodynamics

Linagliptin treatment resulted in a rapid, potemddong-lasting inhibition of plasma
DPP-4 in clinical studies. Already after a singtese of linagliptin, DPP-4 was effectively
inhibited as shown by maximum DPP-4 inhibitions7@f7 and 86.1% for 2.5 and 5 mg,
and >95% for doses25 mg (103). At steady-state, plasma DPP-4 actiwig inhibited
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over 24 h by >80% in most patients receiving 5 0mig linagliptin once daily (104).
Generally, DPP-4 inhibitioe80% over 24 h is aimed for, as this was shown teelsed

to maximum effects in incretin response and glucedection (105,106).

The effects of linagliptin on the incretins and tilecose levels in type 2 diabetic patients
were investigated during an OGTT after twelve dafytreatment. Treatment with 2.5, 5,
and 10 mg, but not 1 mg linagliptin, considerablgvated the increase of GLP-1 levels
during the OGTT on day 13 compared with baselindine with this, 2.5, 5, and 10 mg
linagliptin, but not 1 mg, significantly reducedugbse excursion during the OGTT on

days 1 and 13 compared to placebo (104).

1.3.2  Pharmacokinetic properties

1.3.21 Preclinical pharmacokinetics and in vitro investigations

The pharmacokinetics of linagliptin was mainly istigated in rats and cynomolgus
monkeys. The pharmacokinetics of linagliptin wasnlm@ar in both species (107)
accompanied by a dose-dependency of pharmacokipat@meters like clearance and
volume of distribution. After intravenous adminaton of 5 mg/kg linagliptin to rats and
1.5 mg/kg to cynomolgus monkeys, an apparent alearéCL) of 37.3 mL/min/kg in rats
and 15.8 mL/min/kg in monkeys was determined (10®)e volumes of distribution at
steady-state (39 were 5.4 L/kg in rats and 15.8 L/kg in cynomolgusnkeys (100), both
exceeding the total body volume indicating thaagjiiptin is extensively distributed in the
tissues. The gastrointestinal absorption of lin#gliwas moderate with an oral bioavail-
ability (F) of ~50% in rats and cynomolgus monkeysis absolute bioavailability
estimate was determined by a comparison of thewardar the plasma concentration-time
curve of oral 5 mg/kg linagliptin to intravenousmig/kg (rats) and 1.5 mg/kg (monkey)
(100). Despite the moderate bioavailability, onlymanor first-pass metabolism was
observed (107). The mean residence times afteradrainistration of 5 mg/kg linagliptin
were 14.3 h and 17.4 h in rats and cynomolgus mankespectively (100). The terminal
half-lives (t/) of linagliptin after oral administration were lgpmn both species (35.9 h in

rats and 41.4 h in cynomolgus monkeys) (100).

Plasma protein binding of linagliptin was investagh for various species including rats,

cynomolgus monkeys and humans, by equilibrium dialyAt plasma concentrations
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>30 nM, the fraction bound ranged from 75-89% (10%) lower concentrations, the
fraction bound increased to 99%.

In human liver microsomes linagliptin only weakhhibited cytochrome P450 (CYP) 3A4
and no other CYP isoforms. These findings were iooield in rats, mice, rabbits, and
cynomolgus monkeys. In these animals, metabolissixamdy a minor elimination pathway
(107). Excretion mainly occurred via faeces witlpraminent biliary fraction, whereas
renal excretion was only of minor importance. Aftgravenous administration of 1 mg/kg
[**C]linagliptin to rats and 1.5mg/kg to cynomolgusomkeys, the fraction of

[**C]linagliptin-related radioactivity excreted in mei was 21.7 and 15.3%, respectively.

1.3.2.2 Clinical pharmacokinetics

The pharmacokinetics of linagliptin after oral adigiration was investigated in healthy
volunteers (103) and type 2 diabetic patients (1B4kic pharmacokinetics was compara-

ble between both groups.

Linagliptin was rapidly absorbed, with a mediandimf maximum plasma concentration
(tmnay Of ~1.5h (range: 0.5-6.0 h) after single and tipl@ dosing (104). Linagliptin
exhibited nonlinear pharmacokinetics after singld enultiple dosing, in contrast to other
DPP-4 inhibitors including sitagliptin, vildaglipti saxagliptin and alogliptin (108-111). At
supratherapeutic doses (25-600 mg), the exposuez af single dose of linagliptin
increased more than dose-proportionally (103).dnt@ast, in the therapeutic dose range
(1-10 mg linagliptin once daily), the nonlinearitsas characterised by a less than dose-
proportional increase in the maximum linagliptimgha concentration {fz) and the
AUC (103). The pharmacokinetic parameters for tigse range, as determined by
noncompartmental analysis, are presented in TalileBoth the CL/F and s4F were
increasing with increasing dose. In general, ad®arance was estimated as well as a high
volume of distribution, suggesting an extensiveuesdistribution of linagliptin in humans.
The terminal half-life of linagliptin was betweerl3d and 131 h and nearly constant
between the therapeutic dose groups. Despite tigetkrminal half-life, steady-state was
reached after few days and only moderate accurouolatias observed after once daily

treatment. Both the time to reach steady-statetb@daccumulation ratio decreased with
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Table 1-1 Non-compartmental pharmacokinetic parameters of linagliptin (adapted from (104,107))

Parameter

1 mg

gMean (gCV [%])

2.5mg

gMean (gCV [%])

5mg

gMean (gCV [%])

10 mg

gMean (gCV [%])

AUCo-24n [nmol-h/L]
AUC; ss [nmol-h/L]
Cinax [NM]

Cmaxss [NM]

trax’” [N]

tmaxss” [N]
(Vz/F)ss [L]
(CL/F)ss [mL/min]
CLr,ss [mL/min]
feo-24n [%0]

ferss [%]

tiss [h]
Accumulation ty, [h]

Ra.auc

40.2 (39.7)

81.7 (28.3)

3.13 (43.2)

4.53 (29.0)

1.50 [1.00-3.00]

1.48 [1.00-3.00]

4,510 (32.1)

431 (28.3)

14.0 (24.2)

Not calculated?

3.34 (38.3)

121 (21.3)

23.9 (44.0)

2.03 (30.7)

85.3 (22.7)

117 (16.3)

5.25 (24.5)

6.58 (23.0)

2.00 [1.00-3.00]

1.42 [1.00-3.00]

7,400 (13.1)

757 (16.3)

23.1 (39.3)

0.139 (51.2)

3.06 (45.1)

113 (10.2)

12.5 (18.2)

1.37 (8.2)

118 (16.0)

158 (10.1)

8.32 (42.4)

11.1 (21.7)

1.75 [0.92-6.02]

1.53 [1.00-3.00]

12,700 (17.7)

1,120 (10.1)

70.0 (35.0)

0.453 (125)

6.27 (42.2)

131 (17.4)

11.4 (37.4)

1.33 (15.0)

161 (15.7)

190 (17.4)

9.69 (29.8)

13.6 (29.6)

2.00 [1.50-6.00]

1.34 [0.50-3.00]

20,800 (22.7)

1,850 (17.4)

59.5 (22.5)

0.919 (115)

3.22 (34.2)

130 (11.7)

8.59 (81.2)

1.18 (23.4)

1)

2)

Median and range [minimum-maximum]

not calculated as most values were below the lower limit of quantification

increasing dose. Steady-state was achieved af@days for dose groups 1-5 mg and

after two days in case of the 10 mg dose. The agtaiion ratio was 2.0-fold for the 1 mg

dose group and 1.2-fold for the 10 mg dose groune dccumulation half-lifedecreased

accordingly with dose from 24 h for the 1 mg doseug to 8.6 h for the 10 mg dose

group. The contribution of renal clearance to oN@taarance was small. In the therapeu-

tic dose range of 1-10 mg, the cumulative amounlinaigliptin excreted in urine was

! calculcated asIn2/IN(Ra auc/(Raauc-1))
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below 1% of the administered dose on day 1 and 3e6%lay 12. With higher single
doses, the fraction of dose excreted increased 8% in the 600 mg dose group (103).

Further studies revealed that linagliptin is predantly excreted unchanged via the
faeces (107). Metabolism was only of subordinat@artance for the elimination of
linagliptin. Linagliptin had one main metabolitePC790, representing 17% of the drug-
related radioactivity in plasma. This metaboliteswiarmed by oxidation of the amino
group of the piperidine moiety to a hydroxyl gro@i1790 is pharmacologically inactive

and was found in all investigated species (107).

1.3.3  Safety

Binding of linagliptin to DPP-4 is highly selectiv&hein vitro selectivity of binding to
DPP-4 is=10,000-fold higher compared to dipeptidyl-peptid@8d®PP-8) and dipeptidyl-
peptidase 9 (DPP-9), and a number of other prateested (101). A low inhibition of
DPP-8 and DPP-9 is of great importance, as inbibitf these enzymes is assumed to be
associated with severe immunotoxic side effect2)1ih addition, linagliptin has a low
affinity for the hERG channel (100), indicating thhe risk for a prolongation of the QT
interval is small. In preclinical toxicity studidmagliptin exhibited a very low toxicity
with a high safety margin to clinical use (107). Benotoxic or teratogenic effects were

observed.

In healthy volunteers, single oral doses of linatghi up to 600 mg were well tolerated. The
incidence of adverse events was not dose-depermt@mhtwas not different between

subjects treated with linagliptin or placebo (108his positive safety and tolerability

profile after single doses in healthy volunteers wanfirmed by a multiple dose study in
type 2 diabetic patients. In this study, 1-10 mg dioses of linagliptin were administered
once daily over twelve days (104). Again linagliptvas well tolerated in all dose groups,
and no patient discontinued the treatment due verad events. In addition, there were no
clinically relevant changes in laboratory or elecardiogram (ECG) parameters and no

signs of hypoglycaemia were reported during theystu



1 Introduction 13

1.4 Pharmacometrics in drug development

141 Pharmacometrics

Pharmacometrics is the development and applicatibrmathematical and statistical
methods in order to characterise, understand, eedigh the pharmacokinetic and pharma-
codynamic properties of a given drug. It allows thiéferentiation of variability into
interindividual, intraindividual, and residual vability (n, K, ande, respectively), as well

as their quantification, aiding rational drug deghent and pharmacotherapy (113).

Pharmacometric analyses involve the developmeatpifarmacokinetic and/or pharmaco-
dynamic model. A pharmacokinetic model describesréhationship between the adminis-
tered drug and the concentration of the drug isrmkor other body fluids. This relation-

ship is often described using compartmental modefsharmacodynamic model describes
the relationship between the observed exposurkeofitug and the observed pharmacody-
namic response (e.g. biomarker). A commonly usedrmphcodynamic model is for

example the g.xmodel. Depending on the availability of data, tmowledge about the

drug and the objective of the analysis, pharmacometodels can be empirical, i.e. purely
descriptive, or mechanism-based, i.e. reflecting timderlying physiological system as
much as possible (114). In pharmacometric analys&sj-mechanistic models are often

used incorporating only the key elements of a giggical system.

Pharmacometric models not only provide estimatepli@rmacokinetic and/or pharmaco-
dynamic parameters, but they can also be usedirfariaions (113). By illustrating the
implications of a pharmacometric model, e.g. theoamt of drug in the peripheral
compartment, simulations can help to understandptie@macokinetics or pharmacody-
namics. Furthermore, clinical trial simulations aeuseful tool to answer ‘what if

scenarios and thereby optimise and evaluate thgrdessubsequent studies.

1.4.2  Population approach

The models applied in pharmacometrics are ofteruladipn models using the nonlinear
mixed-effect modelling technique. Population anialys the characterisation of the typical
pharmacokinetic and/or pharmacodynamic behaviowr dfug together with the study of
sources and correlates of the variability in thegdroncentration and/or the pharmacologi-
cal effect (113,115,116). This includes exploragsioon the impact of certain patient



14 1 Introduction

characteristics like age or weight (called covasaton the pharmacokinetic and/or
pharmacodynamic behaviour of a drug. A populatioalgsis typically investigates the
pharmacokinetics and/or pharmacodynamics of cliljicalevant doses of a drug in the

patient population (116).

The population approach using the nonlinear mixéecemodelling technique has several
advantages compared to the two-stage approachh#mttraditionally been used for
population analyses (117). In the two-stage approdice individual parameters are
estimated first and then their distribution statsstare calculated. In contrast, in the
population approach based on nonlinear mixed-effexdelling the data of all individuals
are analysed together, and different kinds of ‘mliiees are directly taken into account.
Thereby, the individuality of each subject is maineéd and accounted for. In conse-
qguence, the population approach based on nonlimeerd-effect modelling is the more
versatile approach (117). It can be applied toed#ht types of data and can be used to
analyse extensively as well as sparsely sampled. ddte analysis of sparse data is
important in situations in which dense samplinghag possible for ethical reasons, e.g.
studies in children or severely ill patients. Adraded study design is not required, thus
irregular sampling or the combination of data frdifierent studies is possible (115). As
the data are analysed together, information caibdreowed’ between individuals, this is
also important for the investigation of nonlineaogesses in which every dose group
contains different kinds of information (118). Fhetmore, the population approach based
on nonlinear mixed-effect modelling provides coesably more accurate estimates of the
variability compared to the two-stage approach (129).

To perform population analyses using nonlinear ah@&Hect modelling different software
programs are available including NONMEM, NLME inI$g NLMIX in SAS, and
Monolix (121-123). The population analyses presgmethis thesis were performed with
the NONMEM software (Version V, level 1.1, GloboM&LC, Hanover MD, USA)
(124). NONMEM was the first software for nonlinearxed-effect modelling, introduced
in its first version in the early 1980s by Sheirigeal, and Brockman (125) and is still the

most widely used software for nonlinear mixed-eff@odelling (120,123,126).

1.4.3  Regulatory perspective on pharmacometrics

Pharmacometrics is widely accepted and recommebsgealthorities to contribute to a

better understanding of the pharmacokinetic andrnpheodynamic behaviour of a drug in
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order to allow a safe and efficacious therapy. H¥A and the European Medicines
Agency (EMEA) have both issued guidances on pojauanalysis. The FDA'&uidance

for industry: Population Pharmacokinetics (115) elaborates when and how to perform a
population analysis while the EMEA guidance (12@guses on documentation and
reporting. In their white papeChallenge and Opportunity on the Critical Path to New
Medical Products (128), the FDA urges, amongst other approachesusie of computer-
based predictive models to optimise the time-comsgrand expensive development of
new products. Furthermore, the FDA has publisheml summaries illustrating the impact

of pharmacometrics on new drug approval or labgl(t29,130).

1.4.4  Impact of pharmacometrics in different phases of clinical drug

development

Pharmacometrics can be applied throughout diffeneihses of drug development
(114,117,131,132). Early clinical development inigs phase | studies, typically con-
ducted in healthy volunteers as well as phasetlidies, typically performed in the patient
population. The objectives of phase | and lla gsdire to investigate safety and tolerabil-
ity of a compound, as well as pharmacokinetics pimarmacodynamics. In these studies
proof-of-mechanism biomarkers are usually deterohit@ provide evidence of target
engagement. Due to the short study period or wherstudy population is composed of
healthy volunteers, disease-related biomarkerofe@ not meaningful. Usually, in phase
| and lla studies many pharmacokinetic and pharehatamic observations are available
per subject, but the number of subjects is lowenmared to phase Ilb and Il studies. In
pharmacometric analyses, the dense data of phase lla studies can be used to charac-
terise and understand the pharmacokinetics antethgonship between pharmacokinetics
and pharmacodynamics of the compound. Due to stitiision and exclusion criteria, the
variability in the subject-specific characteristissusually small, and thus the data will
only provide limited information about the impadtsnibject-specific characteristics on the

pharmacokinetic or pharmacodynamic model parameters

In contrast, phase llb and phase lll trials incladarger and more diverse patient popula-
tion, but the number of pharmacokinetic and phaodgeamic observations per patient is
lower than in early clinical development. The ohlijgx of phase llb trials is to investigate

safety and provide the ‘proof of concept’, i.e. a&sirating positive effects on disease-

related biomarkers/surrogate endpoints. The obgatf phase Ill studies is to assess
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safety and efficacy in a large patient populatibne sparse data of phase llb and lIll trials
can be analysed by nonlinear mixed-effect modeli@aipniques to understand and confirm
the dose-exposure-response relationship in thettamgpulation. Investigations about the
relationship between patient characteristics andahparameters may partially explain the
variability observed in the drug concentration fie@. By this approach, one may identify
subgroups of patients exhibiting a deviant exposurgharmacological effect. For these

patients, safety or efficacy may be compromisedessitating a dose adjustment.

Throughout all phases of drug development, pharmatiics is a valuable tool to predict
untested scenarios, support dosing recommendatiodsdesign future clinical trials.
Simulations are of special interest for compoundk wonlinear pharmacokinetics, as for

these the pharmacokinetic and pharmacodynamiclabgviour is difficult to predict.

1.5 Aim of the work

Prior to this thesis, it was known that linaglipgrhibits nonlinear pharmacokinetics with
a less than dose-proportional increase in the expos various animal species and
humans in the therapeutic dose range. The reasahdmonlinearity was unknown. Due
to the dependence of the free fraction in plasm&henconcentration of linagliptin in the
low nanomolar range, it was speculated that the tlesn dose-proportional increase in the
exposure was due to concentration-dependent binafilgpagliptin to its target protein
DPP-4.

The aim of this work was to characterise the n@ampharmacokinetics of linagliptin and
the relationship between linagliptin pharmacokice®@nd its plasma DPP-4 activity using
nonlinear mixed-effect modelling. The developed eisdvere to be applied to support the

clinical drug development of linagliptin. This wasnducted in a total of five projects.

The aim of Project 1 was to characterise the nealippharmacokinetics and the pharma-
cokinetic/pharmacodynamic relationship of linaghptn type 2 diabetic patients. The
hypothesis that concentration-dependent bindingnagliptin to DPP-4 is the reason for

the nonlinear pharmacokinetics of linagliptin imtans was to be tested.

In Project 2, the population pharmacokinetic/phamogignamic model developed in
Project 1 was used for clinical trial simulatiores gupport the clinical development of
linagliptin.
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In Project 2a, simulations were performed to evaltlae adequate dose of linagliptin for a
twice-daily dosing strategy. This dosing scheme regsiired for the fixed dose combina-

tion of linagliptin with metformin.

In Project 2b, the impact of a reduced clearancethen exposure of linagliptin was
simulated in order to support the definition of tinelusion and exclusion criteria with
regard to renal function for Phase llb studies.

In Project 2c, simulations were performed to inigege the optimal duration of a treatment
period in a change-over design, i.e. a cross-oesigd without a washout between the

periods, to adequately test the dose-proportignafitinagliptin at steady-state.

In Project 2d, the model was adapted to descriéaitigle dose plasma concentration-time
profiles of a drug-drug interaction trial investiigg the influence of ritonavir comedica-
tion on linagliptin pharmacokinetics and to simal#te steady-state exposure of linagliptin

under ritonavir comedication.

The aim of Project 3 was to characterise the vdityabn the pharmacokinetics (Pro-
ject 3a) and the pharmacodynamics (Project 3b)inafgliptin and to identify clinically

relevant covariates affecting either drug conceiatneor DPP-4 inhibition.

In Project 4 a modelling approach was used to deter the absolute bioavailability of
linagliptin taking into account its nonlinear phacokinetics.

The aim of Project 5 was to test the hypothesi$ ¢tbacentration-dependent binding to
DPP-4 is the reason for the nonlinear pharmacokmeif linagliptin by comparing the
plasma concentration-time profiles of wildtype dnBP-4-deficient Fischer rats using a
model-based analysis.
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2 Methods and studies

2.1 Data acquisition

In this thesis pharmacokinetic and/or pharmacodynaabservations of the DPP-4
inhibitor linagliptin from one nonclinical and sttinical studies were analysed. Table 2-1
provides an overview of these studies. The analytioethods used to quantify the
linagliptin plasma concentration and DPP-4 activige described in the following

sections.

Table 2-1 Overview of clinical and nonclinical studies analysed

Study Pro- Phase Popu- No. of Dose Route Design Treatment  Obser-
ject lation  subjects duration vation
| 1+3 lla T2D 35 1,25,5,10mg p.o. parallel 12 days PK, PD
Il 1+3 lla T2D 61 2.5,5,10 mg p.o. parallel 28 days PK, PD
[} 3 1b T2D 170 0.5,2.5,5mg p.o. parallel 12 weeks  PK, PD
\Y 3 11b T2D 196 1,5,10 mg p.o. parallel 12 weeks PK, PD
\% 2d I HV 12 5 mg p.o. cross-over SD PK

(% ritonavir)

Vi 4 HV 28 0.5,25,5,10 mg i.v. parallel SD PK
10 mg p.o. cross-over SD PK
vs. 5 mg iv
Vil 5 nc Rats 28 0.01,0.1,0.3, i.v. parallel SD PK
1.0 mg/kg

nc, nonclinical; T2D, type 2 diabetic patients; HV, healthy volunteers; p.o., peroral; i.v., intravenous; SD, single

dose; PK, pharmacokinetic; PD, pharmacodynamic (i.e. DPP-4 activity)

2.1.1 Quantification of linagliptin in plasma

For quantification of linagliptin plasma concentoat in the clinical studies, blood was
taken from a cubital or forearm vein in potassiuhykendiaminetetraacetic acid (EDTA)-
anticoagulant blood drawing tubes. The EDTA-antizdated blood samples were

centrifuged immediately after collection or wit80 min after collection and stored in an
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ice bath prior to centrifugation. The samples weeatrifuged for ~10 min at 2,000—
4,000% g at 4-8°C. The plasma samples were stored at al2®iC until analysis. In the
nonclinical study of Project 5, blood was taken emdoflurane anaesthesia from the
sublingual vein in potassium EDTA-coated tubes.illdantrifugation, the collected blood
was stored in an ice bath. Plasma was separategriyifugation (5 min at 4,000g at

4°C) and stored at about —20°C until analysis.

Total (bound plus unbound) linagliptin concentratian plasma of humans and rats were
determined by a set of validated assays basedgbnparformance liquid chromatography
coupled to tandem mass spectrometry (HPLC-MS/MS}hats as described (103).
Validation of the assays was performed accordintipgocurrent international guidance on
bioanalytical methods (133). The assays comprismtipke clean-up by solid-phase
extraction in the 96-well plate format. Chromatgmna was performed on an analytical
phenyl-hexyl reversed phase high performance ligcmlomatography column with
gradient elution. The substance was detected amdtijed by HPLC-MS/MS using
electrospray ionisation in the positive ion modehwj*Cs)-linagliptin as an internal

standard.

The validated concentration ranges of linagliptm undiluted plasma samples varied
slightly among the assays applied in the diffesgotlies (Appendix, Table 1). The lower
limit of quantification of linagliptin was either.806 or 0.100 nM, dependent on the study.
In the preclinical study (Project 5Y'C]-linagliptin was administered to rats. Since oifig
unlabelled analyte was directly measured, the tieguktoncentrations were multiplied
with a correction factor of 2.71 for the dose greuWp0l1-1 mg/kg to calculate the total
concentration. The correction factor was determifreth the ratio of total to unlabelled
compound in the respective formulation. The anedytrange was adjusted accordingly to
a lower limit of quantification of 0.271 nM and apper limit of quantification of 271 nM
in the investigated dose groups. Linagliptin plasioacentrations were either measured at
the bioanalytical laboratories at the DepartmenDnfg Metabolism and Pharmacokinet-
ics, Boehringer Ingelheim, Biberach, Germany, oCatance Laboratories Ltd., Harro-
gate, UK (Appendix, Table 1).

Assay performance during the studies was assesgduhdk-calculation of calibration
standards, tabulation of the standard curve fitction parameters and measurement of
quality control samples. Inaccuracy and imprecisilata of the plasma quality control

samples for linagliptin of the different studie® disted in Appendix, Table 2. An inaccu-
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racy value of up to £15% and an imprecision valtigpto 15% was accepted according
to the Guidance for Industry: Bioanalytical method validation issued by the FDA (133).
No relevant interference of endogenous compounttslimagliptin was observed in blank
human plasma and blank Fischer rat plasma. Thedtatament the accuracy, precision,
and specificity of the HPLC-MS/MS assays employed the studies. It was therefore
concluded that the linagliptin plasma concentratietermined in the study samples were

reliable within the given inaccuracy and impreamsranges.

2.1.2  Quantification of DPP-4 activity in plasma

For quantification of plasma DPP-4 activity, bloags collected in potassium EDTA-
anticoagulant blood drawing tubes. The EDTA-antizdated blood samples were
centrifuged immediately or within 30 min after ealtion. The samples were centrifuged
for ~10 min at 1,00& g or 2,500« g at 2—8°C or 4-8°C. The plasma samples weredstore

at about —20°C until analysis.

DPP-4 activity in plasma was analysed by a valdlateethod using a semi-quantitative
enzyme activity assay with fluorescence detectisnpeeviously described (103). The
DPP-4 present in the human plasma samples clebeesssay substrate alanine-proline-7-
amido-4-trifluoro-methylcoumarine yielding the fi@scent product 7-amino-4-trifluoro-
methylcoumarine. The higher the DPP-4 activityha sample, the higher the fluorescence
measured as relative fluorescence units (RFU). fllimeescence was detected at 535 nm
(emission) using 405 nm excitation wavelength aftérmin of incubation. The assay
performance was evaluated during the study by ebyais of six in-house standards as
guality control samples in each run/plate. The pR®PP-4 activity was measured at the
Institut fur Klinische Forschung und Entwicklung Ma (ikfe), Germany.

In Project 1 DPP-4 activity was calculated as petaige of pre-dose DPP-4 activity, thus
the individual DPP-4 activities under treatment eveormalised to the respective pre-dose
measurement of the individual patient. In ProjeddBP-4 activity as measured in RFU

was used in the analysis.
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2.2 Datasets

2.2.1 Dataset building

2211 General dataset building

The structure of NONMEM datasets is predetermingdhle program (124). In general,
NONMEM data files contain an identifier for the imdiual subjects, one or more depend-
ent variables (e.g. linagliptin plasma concentratiplasma DPP-4 activity), independent
variables such as dosing information, actual samgpknd dosing time and possibly
information about subject-specific covariates.

The raw data used to build the NONMEM datasets wemrided by Medical Data
Services, Boehringer Ingelheim. The NONMEM datas#t®rojects 2d, 4, and 5 were
prepared manually using Excel (Version 2002, MiofgfRedmond, WA, USA). The data
guality was assured by double data entry, i.e.taseh was prepared in two independent
versions which were then compared. The initial NCBNW datasets of studies | to IV used
in Projects 1 and 3 were provided by Medical Dagaviges, Boehringer Ingelheim. These
datasets were created by a well documented SASife8.02, SAS Institute Inc., Cary,
NC, USA) program based on a comprehensive dataseification document. Problems
during the dataset creation were discussed andvessdoy both parties to ensure a
complete, consistent and accurate reporting dagalfBsbsequently, an intensive data

checkout analysis was carried out and documentadsiore the quality of the datasets.

Changes of the initial datasets like combinationlifferent datasets, division or modifica-
tion were performed either manually using Excelbgr user-written Splus (Version 7
and 8, Insightful Corporation, Seattle, WA, USAjigts. All changes of the datasets were

checked and documented to allow traceability.
2.2.1.2 Handling of covariates

Information on the following covariates was incldde the datasets of studies I-1V:

1. Demographic information: age (years), weight (kgight (cm), body mass index

(kg/n?), body surface area @i sex, ethnic origin, smoking and alcohol status

2. Laboratory values: serum creatinine (mg/dL), creaé clearance (ml/min), urea
(mM), alanine transaminase (U/L), aspartate transase (U/L), alkaline phos-
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phatase (U/L), gamma-glutamyl transferase (U/Ltgltbilirubin (mg/dL), creatine
kinase (U/L), cholesterol (mg/dL), C-reactive piote(mg/dL), triglyceride
(mg/dL), fasting plasma glucose (mM)

3. Others: study number, randomisation group, fornmatmetformin co-treatment,
pre-dose DPP-4 activity (RFU)

The derived covariates body mass index, body seirf@ea and creatinine clearance were
calculated as follows. The body mass index wasuGatied according to equation 2-1:

weight(kg)

Bodymassndex=— ;
height(m)

(Equation 2-1)

Body surface area was derived based on the equdtiscribed by DuBois and DuBois

(134) as shown in equation 2-2:
Bodysurfacearea= 0.007184height(cm)>’* [Weight (kg)®**° (Equation 2-2)

Creatinine clearance was calculated according ¢oQGbckroft-Gault equation (135) as
presented in equations 2-3a and 2-3b:

(140- age(years)) weight(kg)

Creatinineclearance, .= — :
72[¢reatinineoncentrabn (mg/dL)

(Equation 2-3a)

(140- age(years)) weight(kg)
72[¢treatinineoncentrabn (mg/dL)

Creatinineclearance,, . = [0.85 (Equation 2-3b)

2.2.1.3 Handling of missing observations

If observations of the dependent variables weresimis these values were omitted in the
dataset. If date and/or time were missing for aseolation, the respective observation was
not included into the dataset. Plasma linagliptinaentrations below the limit of quantifi-
cation were removed priori from the dataset, except when measured durintathéme

in which case they were implemented and set to. Ratients randomised to placebo were

excluded from the pharmacokinetic analysis.

2.2.1.4 Handling of missing dosing records

If both date and time of a dosing record were mggsit was assumed that the dose was not
taken and the dose was not included in the dattismtly either date or time of a dosing

record was missing, it was assumed that the dosdakan and the dose was implemented



2 Methods and studies 23

with protocol date or time. If date and/or timetbé last dose before an observation was

missing, this observation was not included in tatasget.

2.2.15 Handling of missing covariates

A covariate completely missing for a particular jggb was replaced by the population
median of the baseline values for continuous catesiand by the mode for a categorical
covariate. If a covariate that was measured maga tnce within a subject was missing,

the last measurement was carried forward untilva measurement was available.

2.2.1.6 Handling of outliers

All data, i.e. dependent variables and covariatesge included in the analysis whenever
possible. Data were only exluded if they were nlaugpible. Whenever possible, outliers
which were excluded from the analysis were testedheir impact on the analysis. All

outliers are reported in the respective resulti@es of the projects.

2.2.2  Dataset description

Before start of the actual population pharmacokinet pharmacodynamic analysis, the

data were extensively explored graphically to fartassure the data quality and to allow a
comprehensive overview of the investigated datagdneral, the distribution of subjects

and observations per dose group, visit and timer albse was investigated. Pharmacoki-
netic and pharmacodynamic observations were plattesus time and versus each other.
Furthermore, frequency distributions of covariatesl correlations between covariates
were examined. The main results of the datasetrigéea are presented in the respective

section of each project.
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2.3 Population analysis

The population pharmacokinetic or pharmacodynamatyses presented within this thesis
were performed using the nonlinear mixed-effects delilmg software package
NONMEM V (124).

2.3.1 Nonlinear mixed-effect modelling

The name of the software NONMEM is derived frol@Nlinear Mixed-Effects Modelling.

In a population analysis using nonlinear mixed-effmodelling techniques, data from all
individuals are analysed together, but the indialdy of the subjects is maintained. This
is achieved by simultaneously estimating typicateigparameters (so-called fixed effects)
together with different levels of variability (salted random effects). As pharmacokinetic
or pharmacodynamic models are nonlinear and comfmagh fixed effects and random
effects the method was termed nonlinear mixed-effexdelling.

A nonlinear mixed-effect model, referred to as gapon model in this thesis, consists of

the following submodels:
1. Structural model
2. Stochastic model

3. Covariate model (optional)

23.1.1 Structural modd

The structural model describes the plasma condenirame profile or the effect-time
profile of a typical subject as a function of dosme and parameters of the underlying
model as presented in equation 2-4:

y; = f(x;,6) (Equation 2-4)

1) 7

The " response y (concentration or effect) of tHeirdividual can be described by a
function f that depends on measurable variabjelike dose or time, as well as estimated
typical model parameter8. Structural models for pharmacokinetic analyses @iten
compartmental models, while for pharmacokineticfpfecodynamic analyses nk

models are frequently applied.
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2.3.1.2 Stochastic mode

Even when subjects receive identical doses anddheentration or response is measured
at the same time, they do not exhibit identicalogmtrations or responses. This is also true
for the case when the same dose is given twideet@ame subject. To account for this, the

stochastic model allows for different levels ofiadility, called random effects:
1. interindividual variability
2. intraindividual variability
3. residual variability

All variability levels have in common that they aendom and thus cannot be predicted in
advance. Although it can be expected that all patara vary between individuals and
often also within the single individuum, the datagin not allow to account for variability

in all parameters.

2.3.1.2.1 Interindividual variability

Interindividual variability accounts for unexplathalifferences in the model parameters

between individuals, as illustrated in equation 2-5
P =P, +7, (Equation 2-5)

P, is the model parameter in tHeindividual. It is dependent on the typical modatame-
ter of the population and the differencg; between the individual parameterad the
typical parameter . It is assumed that the individug| values are independent and
normally distributed with a mean of zero and aamcen?. The variance»” is estimated
by NONMEM and reflects the extent of interindividlwariability in the respective model
parameter. Most pharmacokinetic parameters folldaganormal distribution rather than a
normal distribution. A log-normal distribution hdlse advantage that it constrains the
individual parameters to be greater than zero &nd avoids the estimation of negative
clearance or volume of distribution values. To ardtdor this, interindividual variability
was implemented for the model parameters by an rexp@l model as presented in

equation 2-6:

P =P, [@xp@,) (Equation 2-6)
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2.3.1.2.2 Intraindividual variability

Intraindividual variability accounts for the uneaplable differences in the model parame-
ters of a single individual between different stumbgasions (136). The occasion intervals
can be set arbitrarily. Most often, time intervate chosen based on the available data. For
example, in a cross-over study, the occasion iatermay correspond to the different
periods. The only constrain in setting the intesvalthat more than 1 measurement has to
be available per time interval to differentiate vibeen intraindividual variability and

residual variability.

Intraindividual variability was implemented liketerindividual variability. Exponential
models were again chosen to account for intraiddizd variability for the same reason as

discussed above. Equation 2-7 shows how intraiddalivariability was implemented:
P, =P, BXp@, +k,,) (Equation 2-7)

P, is the model parameter in tHe individual for the occasion interval o, fs not only
dependent on4® andn;, but also on the difference between the indivigqasabmeter Fon
different occasions. It is assumed that the indiglk;, values are independent and
normally distributed with a mean of zero and aamecen®. The variance: >was estimated
by NONMEM and reflects the extent of intraindividlwariability in the respective model

parameter.

2.3.1.2.3 Residual variability

Residual variability accounts for the unexplainatiiation between an observed value
and the corresponding model-predicted value, censig inter- and intraindividual
variability. Residual variability might be due ta@s in the analytical assay, errors in the
amount of the administered dose, errors in therdéeg of the sampling or administration
time, model misspecifications, and others. Thedtesdivariability can be accounted for by
different types of models. Within this work, residlwariability was investigated using an

additive model, a proportional model, and the caration of both.

An additive residual variability model assumes tbabrs are additive regardless of the
magnitude of the individual prediction. The corr@sging mathematical equation is given

in equation 2-8:

Yi = Vi * & (Equation 2-8)
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In this equation, iy is the " measured response y (concentration or effecthefit
individual at the 8 occasionyie is the corresponding response predicted by theemod
taking into account inter- and intraindividual \aoility. The random variabilitgy; is the
difference of the observed and the predicted respoifhe individuale,; values are
assumed to be normally distributed with a meanesb znd a variance®. The variance
characterises the extent of residual variability @dditive model is the simplest model,
but it often does not reflect the residual vari&pilwhich increases most often with
increasing response. For these cases a proporties@lual variability model is more
appropriate, as in this model the residual varitghig proportional to the magnitude of the
individual prediction. The mathematical equatiom &proportional variability model is

given in equation 2-9:
Yig = )7ioj [@+e&,) (Equation 2-9)

A third model which was investigated was a combiadditive and proportional model, as

presented in equation 2-10:
Yig = Vi T+ &) + Exy (Equation 2-10)

During the analysis, concentrations were log-trammséd to increase the stability of the
parameter estimation process (137). In consequémeeesidual variability models needed
to be adapted accordingly. An additive residualakality model used for log-transformed
data (equation 2-11) corresponds to an exponamisaiual variability model for untrans-
formed data (equation 2-12). An exponential modelurn approximately corresponds to a

proportional model (equation 2-9), as ejpf 1+ for smalle.
IN(Yiy) = IN(Yg) + & (Equation 2-11)
Yig = Yioj [EXPEiq) (Equation 2-12)

Furthermore, the model presented in equation 2sk8 dor log-transformed data approxi-
mately corresponds an additive model for untramsémt data (138), assuming that

exp@) = 1+ for small values of.

52
|n(yioj)=|n(9ioj)+ — &, (Equation 2-13)

ioj

Using this codingf was estimated whereag; was fixed to 16? corresponds approxi-

mately to the variance?.
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2.3.1.3 Covariate modd

A covariate model accounts for the impact of a cat@ on a model parameter. Parameters
of a covariate model are fixed effects. A covariatedel should explain the variability of
the model parameter, thereby reducing its randaorexpiained interindividual (sometimes
also intraindividual) variability. Covariates areibgect-specific factors. They can be
classified in intrinsic factors such as demograplieg. age, sex) or laboratory values (e.g.
liver enzymes) as well as extrinsic factors (eaymiulation). Covariates can either be

continuous like age or weight, or categorical ex.

2.3.1.3.1 Continuous covariates

Continuous covariates were implemented into theehbdsed on the graphical relation-
ship between the individual covariate values arelitidividual model parameters. Most
often the correlations were sufficiently describeg a linear model, as presented in
equation 2-14. The individual covariates coxere centered around their median £Q¥n

leading to an easier interpretation of the estimated to a higher numerical stability of the

model:

P =0 +62 EQcovi -C (Equation 2-14)

1 0Vmediar?

The parameter P is equal 63 if an individual’s covariate value equals the naedi
covariate value. If an individual’'s covariate chaadgy 1 unit from the median covariate
value, P changes Ity from 0, If more than one covariate was implemented peaxrpater,

the different covariates were incorporated in atiplidative way.

2.3.1.3.2 Categorical covariates

Categorical covariates were implemented in twced#ht ways. The first possibility was to
estimate separate typical paramet@gsfor each category, as demonstrated in equa-
tion 2-15.

81 for categoryl
P=1: (Equation 2-15)
en for categoryn
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If only two categories existed the following codioguld be applied (equation 2-16).

P = el + 62 Dtovi (Equation 2-16)

01 is the typical parameter of a subject belongingategory 1, whereas the sumbgfand
0 is the typical parameter for subjects of catedhrgoy is the identifier for the catego-
ries; it is O for subjects of category 1 and 1daobjects of category 2. Separate categories

were only tested if one category contained at [28%% of the subjects in the dataset.

2.3.2  Estimation of population parameters

NONMEM adapts the model function parameters intaraiive process so that they fit the
observed data, in order to obtain parameters whHedtribe the observations best (139-
141). By using the maximume-likelihood method, NONMEestimates the fixedof and
random effectse?, k%, ands?) simultaneously. Likelihood is a measure of haell it is,
if the model were true with its current paramet#rat the present observations would have
been observed. The overall likelihood L is the picicbf the likelihoods of the individual
observations. In order to maximise the likelihogdNONMEM minimises -2 log likeli-
hood. Maximizing likelihood and minimizing -2 logkélihood are essentially the same
thing. However, mathematically, it is easier toetdke log of a series of factors, which
reduces the problem from one of multiplication toeocof sums. The -2 log likelihood
function that is minimised by NONMEM is presentaceuation 2-17:
~\2
— 2log(L) = n Oog(2x) + Zn:[log(cf) +(Y';—2Y')} (Equation 2-17)

i=1 i

Equation 2-17 consists of a constant terxidg(21)) that is dependent on the number n of
observations, and of a variable term that is mis@di The squared difference between the
individual observed ()Y and predictedY(;) observation is weighted by the varianag)( A
penalty term (logoi®) is introduced to prevent minimisation by high isaces. The
variable term is called extended least square tbagetunction and represents the ‘objec-
tive function value’ in NONMEM.

The -2 log likelihood equation is often difficult solve as for most population pharma-
cokinetic/pharmacodynamic models no closed-formutamt for ¥; and o exists

(113,140). Thus, approximation methods are used. mbst common ones are the first-
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order estimation method (FO), first-order condiibrestimation method (FOCE), and
FOCE with interaction (FOCE-I). All three use astiorder Taylor series expansion with
respect to the random effea{s ki, ande;, assuming that they are normally distributed
with a mean of zero. The simplest estimation mett@d, expands the nonlinear mixed-
effects model as a first-order Taylor series abbpatO and then uses a linear approxima-
tion to estimate the parameters of the nonlineadehdwVith FO, estimates for the fixed
and random effects, but no individual model par@mestimates are obtained. These are
then calculated using the maximum Bayesian estimatiethod as implemented in the
NONMEM ‘post-hoc’ option (124). FOCE provides estites of the population parameters
as well as the individual random effects duringhederation step. Here, the model is
expanded about the conditional estimates ofnfeeby a first-order Taylor series. When
this algorithm is used, estimates of the populaparameters as well as the random-effects
parameters are obtained during each iteration Biaplly, FOCE-I calculates the objective
function allowing for an interaction afonn. This is especially useful when a proportional

residual variability model is estimated.

In general, the precision of the estimation methottreases in the order
FO < FOCE < FOCE-I, whereas the calculation spesttedses in that order (126,140).
FO was the first method available in NONMEM (13B)performs adequately for sparse
data, but it is not recommended for dense dataay,odith the increase in processing
power, it is less and less used. FOCE-I was thiepesl estimation method in this thesis.
In Project 3a, FOCE was used instead to reducexbeptionally long run times.

2.3.3  Model development

Model development followed a bottom up approachrtisty with a simple model and
expanding this model in order to allow an adequisscription of the data. Whenever
possible, this expansion was done in a mechamsti; reflecting the current knowledge
on linagliptin in the model. A separate modellingdasimulation strategy was developed
for each project, based on the objective of thgeptpthe available data, and theriori
information. These individual strategies are oetlinin detail in the sections of the
respective projects (cf. section 2.5). An analys@ describing the planned analysis was
written prior to the analysis in Projects 1 andAB.first, a base model was developed
consisting of a structural and a stochastic mod@kls base model was expanded by a
covariate model in Projects 1 and 3. Throughoutdabmmplete model development, log-
transformed linagliptin plasma concentrations wesed.
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2331 M odel selection

Model selection was guided by different graphicadl astatistical methods. For nested
models, the likelihood ratio test, a common teststatistical significance, was considered
for model selection. Two models are nested if & mubdel can be reduced to a simpler
model by setting one or more parameters to a fwade. The difference between the
objective functions (corresponding to-leg of the ratio of likelihoods) of a full and a
reduced model are approximategfydistributed, with n degrees of freedom, where thés
number of parameters set to a fixed value in tldeiged model. Unless stated otherwise,
the full model was accepted if the drop in the otiye function was >3.84 after addition
of one single model parameter, corresponding tmrifcance level of p < 0.05. For the
backward elimination procedure during a covariatalysis, a stricter significance level of

p < 0.001 was applied.

Furthermore, graphical goodness-of-fit analysis/ji#as performed utilizing user-written

Splus scripts or Xpose (Version 3.104, Uppsala ersity, Uppsala, Sweden) (142). Plots
showing population and individual predictions versuneasured observations, as well as
weighted residuals versus population predictiond @agrsus time, amongst others, were
routinely investigated. To accept a model, the gatimts were required to be randomly
distributed around the line of identity for plotsosving predictions versus observations or

randomly distributed around zero for residual plots

Another criterion was the precision of parametdinestes as reported by the relative
standard error obtained from NONMEM. A relativerstard error of a parameter higher
than 50% indicates that this parameter might benddnt. Further selection criteria were
the absence of a correlation >0.95 between modanpeters, numerical stability of the

model, and the plausibility of the parameter estésa
2.3.3.2 Development of the base model

2.3.3.2.1 Structural model

The aim of the structural model development wafsnid the model that best described the
typical pharmacokinetic or pharmacodynamic profidé linagliptin. If possible, the
structural model was to be mechanistic, reflectimgknown characteristics of linagliptin.
The model selection was based on the criteria dhestin section 2.3.3.1. The structural
pharmacokinetic models were parameterised in terindearances and volumes, rather
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than rate constants, in order to allow a meaningfylementation and interpretation of
interindividual variability and potential covariagéfects. The strategy of the development

of the structural model is presented separatelyh®individual projects in section 2.5.

2.3.3.2.2 Stochastic model

The aim of the development of the stochastic maded to characterise the variability
within the pharmacokinetics or pharmacodynamicknaigliptin. It was tested whether the
residual variability was best described by eithemadditive, a proportional, or a combined
(additive and proportional) model. Interindividueriability was tested sequentially in all
model parameters and retained when it improveddtita description. As described in
section 2.3.1.2.1, interindividual variability wasplemented using exponential random
effect models. At first, no covariance betweendtiterent interindividual variabilities was

estimated. If correlations between interindividwakiabilities were found by graphical

analysis, covariance was implemented and the abiwal coefficient was estimated.

Intraindividual variability was only explored onleeted model parameters.

2.3.3.3 Development of the covariate model

The aim of the covariate analysis was to identdyasiates affecting the pharmacokinetics
or pharmacodynamics to an extent that their impaay be clinically relevant. The
covariate analysis was performed in a stepwise eranAs a first step, a graphical
exploratory analysis was performed, then a gerss@ladditive modelling (GAM) analysis
was conducted, and finally the covariates suggesyethese procedures as well as some
pre-selected covariates were tested in NONMEM uséivegforward inclusion backward

elimination procedure.

2.3.3.3.1 Explorative graphical investigation

First, the correlation between the individual cost& values and individual parameter
estimates were explored graphically. For continucosariates, the medians of the
individual values of the covariate of interest wetetted against the individugl values.

The relationship between categorical covariatesiadididual n values were investigated

using box-whisker plots.

2.3.3.3.2 Generalised additive modelling

In a next step, a GAM analysis was conducted wigpius to statistically investigate the

correlation between the covariates and the indaliduarameter estimates. The GAM
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analysis was introduced by Mandemtaal. (143), to identify possible covariates before
further testing in NONMEM. It is a multiple regréss analysis in which the influence of
different covariates is tested separately per mpdedmeter. The GAM analysis follows a
stepwise addition/deletion method. Addition of avadate is possible through either a
linear function or a spline function with one degyref freedom (df). At each step, the
model is changed by addition or deletion of theglencovariate term resulting in the
greatest decrease in the Akaike information coter{AIC) until a minimum AIC is
reached. Equation 2-18 shows how the AIC was calledl The AIC is dependent of the
number of observations n, the number of parametérthe fitted model k, and the
weighted least squares wss:

AIC =nlIn(wss)+ 2k (Equation 2-18)

The GAM analysis was performed using the differebeéwveen the median individual
covariate value and the overall median covarialeevéor continuous covariates or the

respective pre-defined categories for categoricahoates.

2.3.3.3.3 Forward inclusion backward elimination in NONMEM

As mentioned above, the covariates tested furthgnmNONMEM were selected based
on the correlation between covariates and indidihaeameter estimates (exploratory
analysis) (144), as well as the results of the GANalyses (143). Furthermore, the
correlation between covariates was considered whkstting the covariates to be tested in
NONMEM. Some covariates that were of special irdeveere pre-selected to be tested in
NONMEM, independently of the results of the exptorg analysis or GAM analysis.
These covariates are specified under the respesgst@ons in the method part.

The covariate analysis was performed using the doiwinclusion and backward
elimination procedure (145,146). In the first st#pthe forward inclusion, all covariates
pre-selected as described previously were evaluated by one in NONMEM with a
function that seemed most appropriate from the splof covariate values versus
parameters. Then, the covariates showing a deckdalss than 3.84 in the objective
function (OBJF) value (probability (5)0.05, chi square distribution?, 1 df) were
removed. The remaining covariates were rankedtirsgawith the covariate that generated
the largest drop in the OBJF value during forwaausion. In the next step of the forward
inclusion, the covariates were added to the basgehsequentially in their ranking order.
If the addition of a covariate resulted in a dréph® OBJF value of at least 3.84<®.05,



34 2 Methods and studies

%, 1 df), it was retained; otherwise it was removEais was repeated until the full model
was obtained. The forward inclusion of parametefacate relationships was followed by
a backward elimination, which is essentially theerse of the forward inclusion. The
covariates were removed individually from the fodivariate model. The covariates were
again ranked according to the increase in the OBJRe increase in the OBJF was less
than 10.8 points (g 0.001,5% 1 df) the corresponding covariate was removedaandw

rank order was established based on removing tn@ingng covariates separately. This

was continued until no more terms could be dropped.

In addition to reducing the OBJF, a covariate thas to be retained should explain part of
the variability in the model parameters, be physgiaally plausible, and have a clinically
relevant impact on the pharmacokinetics or pharmhatamics. If this was not the case, a

covariate might not be retained in the final model.

2.34 Model evaluation

Different techniques are available to test theqgrerince of a model (115). In this thesis,
the choice of evaluation methods was limited bycpssing power. Computer intensive
approaches such as re-estimation of simulated otstvapped datasets were not consid-
ered. Instead, internal methods based on simutati@re applied. The method which was
chosen for a given project is outlined in the resipe sections.

2.3.4.1 Visual predictive check (VPC)

When a visual predictive check (147) was perforntbed,response-time profiles of 1,000
subjects were simulated per dose group based omdigel to be investigated including
interindividual, intraindividual and residual vabsiaty as well as the dosing and sampling
scheme of the study. The simulations were conduaseny the Trial Simulator software
(Pharsight Corporation, Version 2.1.2, St. Loui) MJSA). The median and thd' mnd

95" percentiles of the simulated concentrations afyetiene point were calculated per
dose group and plotted against the observed caatenttime profile. The model was
considered adequate in describing the observaitiansst of the data points were within

the 8" to 95" percentile interval and were equally distributesbad the median.

2.3.4.2 Posterior predictive check

For a posterior predictive check (140,148), onenore variables of interest were defined,

which were of importance for the response and whalid be directly obtained from the
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original dataset, without the use of the model. @misand new datasets with the same
number of patients, the same covariates, and the sdosing history and sampling
schedule as the original dataset were simulat®&ONMEM, based on the final model. In
the posterior predictive checks performed in thissts the interindividual, intraindividual
as well as the residual variability of the modelrevéaken into account, but not the
uncertainty in the parameter estimates. The medhaiable of interest was calculated for
each simulated dose group. The distributions ofrtieglians over the 1,000 simulations
were presented as histograms and were comparéeé tbserved median, per dose group.
For the model to be accepted, the observed medi#imeovariable of interest was to lie
within the 90% confidence interval of the simulaso

2.4 Statistical data analysis

Descriptive statistics was applied to quantitagivellmmarise the contents of the NON-
MEM datasets as well as the results of the pharmatric analyses. For categorical
values, the mode (most frequently occurring numibex list) and frequency distributions
were used. For continuous values, the followingsuess were used to describe the central
tendency, or the average of a list of values.

» Arithmetic mean: sum of all numbers of a list deatby the number of items in the list

* Median: middle number of a group when the numbenewanked in order

« Geometric mean (gMean): exponential function of @anéhmetic mean of the natural
logarithms of all numbers of a list

The statistical dispersion, or variability of a l&$ continuous values were illustrated by the
following parameters.
* Range: difference between the highest and lowdseva

« Variance: sum of squares of the deviations of thelers of a list from their mean
divided by the number of items minus 1 of the list

« Standard deviation (SD): square root of the vaganc
» Coefficient of variation (CV%): ratio of the standaleviation to the arithmetic mean

» Geometric coefficient of variation (gCV): squaretof the antilog of the variance of
log-transformed data minus one times 100%

« 5™ 95" percentile: values below which 5% or 95% of theebations fall, respec-
tively
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2.5 Project characteristics

2.5.1  Project 1: Population pharmacokinetic/pharmacodynamic

analysis of linagliptin in type 2 diabetic patients

25.1.1 Objectives

The pharmacokinetics of linagliptin is nonlineartire therapeutic dose range (1-10 mg)
with a less than dose-proportional increase in sup@ Nonlinear pharmacokinetics can be
caused by several mechanisms as discussed inrsdctid.. Linagliptin exhibited concen-

tration-dependent plasma protein binding in the tamomolar range (<100 nM). Common
plasma proteins like albumin er-glycoprotein would not yet be saturated at these |

concentrations (149). This led to the hypothesié ttoncentration-dependent binding of
linagliptin to its target enzyme, DPP-4 might bepensible for the nonlinear pharmacoki-

netics of linagliptin.

Thus, the objectives of Project 1 were (a) to ctterése the nonlinear pharmacokinetics of
linagliptin and the relationship between linaglipplasma concentration and the DPP-4
inhibition in type 2 diabetic patients and (b) &stt the hypothesis that concentration-
dependent binding of linagliptin to its target, DBHs responsible for its nonlinear
pharmacokinetics in humans. A population pharmausic/pharmacodynamic model
incorporating concentration-dependent protein Inigdiias to be developed, describing the
nonlinear pharmacokinetics and the DPP-4 inhibitiona semi-mechanistic way. In
addition, an initial covariate analysis was carriedt to find patient characteristics
explaining part of the individual variability inéhmodel parameters.

The final population pharmacokinetic/pharmacodymamiodel formed the basis for
several simulations contributing to a better un@erding of the nonlinear pharmacokinet-

ics of linagliptin and its effects on DPP-4 actmih humans.

25.1.2 Study design

Two phase lla studies with 47 and 77 type 2 diabmditients (study | (104) and study II)
were included in the analysis. Both trials wered@nised, placebo-controlled, double-
blind multiple dose studies with a parallel growgsign. Subjects received either placebo,
1, 2.5, 5, or 10 mg linagliptin as a powder in bwodtle formulation once daily over twelve
days of treatment (study I) or placebo, 2.5, 51@mg linagliptin as a tablet once daily

over 28 days (study II). The studies were conduateskveral centres throughout Europe.
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Ethics committees reviewed and approved the stuotpgols and the study was conducted
within the ethical standards established by theldation of Helsinki (150) and in

accordance with applicable regulatory requirements.

Plasma samples for full linagliptin plasma concatidn-time and DPP-4 activity-time
profiles were collected after the first and the lasagliptin administration in each study.
Trough samples were taken at the schedule spediie@ach study. Due to the long
terminal half-life of linagliptin, plasma concenicm and DPP-4 activity were measured
until 8 or 15 days after the last administratiaspectively. The exact sampling schedules
are given in the Appendix, Table 3. Linagliptin gf@a concentrations and plasma DPP-4

activity were determined as described in sectidn 2.

In study I, linagliptin was administered under swpgon and date and time of each
administration were recorded in the case repom f(€RF) by clinic personnel. In study II,

linagliptin was administered under supervision adgrthe in-house stay (days 1-6 and
days 26-28) and date and time of each administratere recorded in the CRF by clinic
personnel. Date and time of tablet intake at horas @ntered by the patient in a patient’s

diary and transferred into the CRF by the clinicspanel.

The covariates listed in section 2.2.1.2 were itigated. In study I, demographic charac-
teristics were determined at screening. Laborat@lyes were measured at screening,
optionally at a training visit if screening of safeneasurements was done more than 14
days ago and at the following days: -1, 1, 2, 31®,12, 13, 16 and during the end-of-
study evaluation (days 20-28). Fasting plasma gkiceas determined daily on days —1—
13. Pre-dose DPP-4 activity was measured on dagfdrd the first administration of
linagliptin. In study II, demographic charactestiwere determined at screening; weight
was also measured on day 30. Laboratory values werasured at screening, at the
training visit and at the following days: -1, 2,8, 19, 26, 28, 30, 36, as well as during
the end-of-study evaluation (between days 43-588tifkg plasma glucose was determined
at days -1, 1, 2, 6, 12, 19, 26, 27, 28, 29, 30,383 39, 41, and 43. Pre-dose DPP-4

activity was measured at day 1 before the firstiagrnation of linagliptin.

25.1.3 Modeling strategy

The analysis was performed in a stepwise mannest, Fhe plasma concentration-time
profiles were analysed. Due to the complexity & gtructural model it was investigated

whether the proposed pharmacokinetic model wadifddale. Finally, DPP-4 activity was
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added to the dataset and plasma concentration-D&Rt4 activity-time profiles were

analysed simultaneously.

Phar macokinetic base model. Initially, linear one-, two-, and three-compartmembdels
were tested. To describe the less than dose-propaltincrease in exposure, different
models were investigated including saturable altgmrp which may be caused by
saturation of influx transporters, or saturablet@ro binding. For the protein binding
model, the influence of concentration-dependentibop in the central compartment as
well as a second binding partner located eithehéncentral or in the peripheral compart-
ment were tested. The second binding partner migcteissue DPP-4 (either with or
without a distribution process) in contrast to plasDPP-4.

The way the binding was implemented into the modas derived from literature (151-
155). All binding processes were considered to déeensible and competitive. When
concentration-dependent binding was assumed agreliff sites, different amounts of
binding partners were estimated but their bindiffopiies to linagliptin were assumed to
be identical. Quasi-equilibrium conditions werewssd for the binding to simplify the
estimation, i.e. the binding equilibrium was assdne be reached faster than all other

processes.

Linagliptin was assumed to bind with a high affynid a binding partner that is present in
low amounts and thus has a low capacity for limmigli It was further assumed that only
linagliptin that was not bound to the high affinitpw capacity binding partner could
distribute between the compartments and be elimthathe concentration of linagliptin
bound to the high affinity, low capacity bindingrimer is referred to as ‘concentration
bound’ throughout the thesis. The concentrationsirddound linagliptin and linagliptin
linearly bound to other proteins were not distirstpable by the model and thus were
regarded as a single concentration, referred toawentration unbound’. The observed
total linagliptin plasma concentration was the sofimunbound linagliptin and linagliptin
linearly bound to plasma proteins, as well as thiecentration of linagliptin specifically

bound to a soluble binding partner in the centoahpartment.

As only linagliptin plasma concentration-time plted§ after oral administration were
available in the studies, only relative bioavailéiles could be estimated. Intraindividual
variability was tested on all parameters with iméividual variability (bioavailability, rate

of absorption, concentration of the binding partimethe central compartment) and on

clearance. For intraindividual variability two ostans were defined. The first occasion
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included the single-dose profile and the trouglsmpia concentrations (i.e. concentration at
the end of the dosing interval, taken directly lpefthe next administrationygegy until
halfway through treatment, followed by the secondasion including the fgugn levels of

the second half of treatment and the steady-staféepfor each study.

Identifiability of the pharmacokinetic model. The pharmacokinetic base model devel-
opment revealed that a two-compartment model widhcentration-dependent protein
binding in the central and the peripheral compantnaescribed the plasma concentration-
time profiles best. As only total linagliptin plaantoncentrations were available, it was
unclear whether the data contained sufficient mition to identify all model parameters
of the complex model structure. Thus, four diffédrapproaches were used to investigate
whether the model structure with concentration-ddpet binding in the central and the
peripheral compartment, could be identified givha study designs of Project 1. These

investigations were performed based on a prelingipaarmacokinetic model (Table 3-1).

Initially, the influence of the amounts of both dhimg partners, possibly reflecting plasma
and tissue DPP-4, on the plasma concentration-jpndiles was evaluated by two
approaches. In the first approach, the concenirdiie profiles of multiple daily doses of
1, 5, and 10 mg linagliptin were simulated assumuagying amounts of central or
peripheral binding partners (originally estimatedoaint£50%). In the second approach,
log-likelihood profiling was performed for the paraters reflecting the amounts of central

and peripheral binding partner.

Similarly to the method used by Waterhoweteal. (156), it was explored in the third
approach whether NONMEM correctly identified thesence or absence of the peripheral
binding. For this method, concentrations were satadl based on the design of study | and
two different scenarios. In scenario S1 it was el that concentration-dependent
binding only occurred in the central compartmentsd¢enario S2 concentration-dependent
binding was assumed in both compartments, cemchbparipheral. The underlying model
parameters used for the simulations were obtaired mitial estimations of a model with
binding only in the central compartment (M1) anch@del with binding in the central and
the peripheral compartment (M2) using the origidalaset. In the next step, each simu-
lated dataset was re-estimated assuming binditgrednly in the central compartment
(M1) or in both compartments (M2). For each datatet performance of the two nested
models was compared using the objective functidmev@dnly NONMEM runs reported to

have converged successfully were evaluated.
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The last method investigated the identifiabilitytbé model using the Fisher information
matrix given the study designs of Project 1 as wslb study design where the treatment
group with the lowest dose (1 mg linagliptin on@ély) was missing. The Fisher informa-
tion matrix was determined with the WinPOPT sofevéversion 1.1 (beta), University of
Otago, New Zealand) (157). The Fisher informaticatrir is a measure of the amount of
information that is available in a certain moddtystural, stochastic) and study design
(number of patients, sampling time points, doseugsd (156) to estimate a model
parameter. The relative standard errors of the nmal@ameter estimates were determined
as the square roots of the diagonal elements ahtlegse of the Fisher information matrix
(157). In addition, the determinant was investigads the summary measure of the Fisher

information matrix.

Phar macokinetic/phar macodynamic base model. To describe DPP-4 activity, standard
drug response models{&and sigmoid Eax model) relating the estimated total linagliptin
plasma concentration {§} to the DPP-4 activity were tested first. Thesedais are
described in equations 2-19 and 2-20. The maximifecteparameter k.« represents the
maximum DPP-4 inhibition in percent. The &®alue is the total linagliptin concentration
that leads to half-maximum DPP-4 activity. In thgnsoid En.x model the sigmoid
character of the curve is determined by the HiéifGoient n.

E .
Erax ot (Equation 2-19)

DPP-4 activity =100-
Ctot + ECSO

. E " .
DPP-4 activity =100- — ™ Lo (Equation 2-20)

Ctotn + EC50n

Additionally, more mechanistic models were investisgl based on the assumption that
DPP-4, the target of linagliptin, was its bindingrfmer in the population pharmacokinetic
model. These models, described in equations 2-2P, &d 2-23, relate the plasma DPP-4
activity to either the unbound plasma linagliptioncentration (Cllasmg Or the plasma
DPP-4 occupancy, i.e. the fraction of DPP-4 molesldound to linagliptin, both estimated
by the population pharmacokinetic model:
1. Emax model using Cllasma In this model, the parameter& specifies the maximum
DPP-4 inhibition in percent. The &value reflects the unbound linagliptin concentra-

tion that leads to half-maximum DPP-4 activity.
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[CUpIasma .
(Equation 2-21)

E
DPP- 4 activity =100- ——
+EC,,

CuU

plasma

2. Occupancy model. This model assumes a proporti@hationship between the plasma
DPP-4 activity and the plasma DPP-4 occupancy lvidgliptin as ligand. The plasma
DPP-4 occupancy can be calculated from the parasetehe pharmacokinetic model
in two ways: (a) by dividing the plasma concentmatof linagliptin bound to DPP-4
(CBpiasma by the concentration of binding partner in thatcal compartment (B0
(b) by dividing Cljasmaby the sum of Chlsmaa@nd the dissociation constang ee
equation 2-22). The parametefk represents the maximum DPP-4 inhibition. The
dissociation constantds a measure of the affinity of the binding betw&PP-4 and
linagliptin and is derived from the population pimacokinetic model.

.. CBpIasma CUpIasma :
DPP-4 activity =100-E, G? =100-E, GCU— (Equation 2-22)

max plasma d

The occupancy model is mathematically very simitathie Enax model using Cllasma(see
equations 2-21 and 2-22). The only difference i¢ ifstead of estimating an B&value,
the dissociation constantykof the population pharmacokinetic model is usedarfa-
cokinetic and pharmacodynamic parameters were atdrsimultaneously in all investi-

gated models.

Covariate model. Based on the population pharmacokinetic/pharmacadyn model, a
covariate analysis was performed. All covariatstetl in section 2.2.1.2, except metformin
co-treatment, were investigated on all parameteais showed interindividual variability.
Metformin co-treatment could not be tested as comntamt antidiabetic treatments were
excluded by the designs of studies | and II. Algjouno inter-individual variability was
introduced for clearance and the volumes of distim, the following covariates were
pre-defined to be tested in NONMEM: Creatinine cae and the liver enzymes alanine
transaminase and gamma-glutamyl transferase werestigated for their impact on
clearance, as well as weight was pre-defined tie&ted on the volumes of distribution. To
avoid individual outliers in the covariates, thediam covariate value per subject was used

for covariates measured more than once.
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2514 Modd evaluation

For the evaluation of the final population pharmaeetic/pharmacodynamic model, a
visual predictive check was performed as descrilmeder section 2.3.4.1 for linagliptin

plasma concentration and DPP-4 activity.

2515 Simulation strategy

The final population pharmacokinetic/pharmacodyramodel of Project 1 was used to
illustrate the impact of the target-mediated drigpdsition on the pharmacokinetics of
linagliptin. These simulations were performed usihg Berkeley Madonna software
(Version 8.0.4, University of California, Berkele@A, USA). First, the total linagliptin
plasma concentration-time profile was to be congpaie@ the fraction of linagliptin
specifically bound to plasma DPP-4. This simulatisas conducted for a once daily
dosing scheme of 5 mg linagliptin. In a second &mn, the typical profile of plasma
occupancy of DPP-4 with linagliptin versus time wagestigated for different dose groups
(1, 2.5, 5, and 10 mg) assuming once daily dosing.
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2.5.2  Project 2: Clinical trial simulations to support the development of

linagliptin

The overall aim of the following four simulationgpects was to apply the model built in
Project 1 to support the clinical development n&dliptin.

25.21 Project 2a: Simulation to evaluate an equivalent dosefor a twice-daily

administration

2.5.2.1.1 Objectives

A fixed dose combination was planned in which lingm was to be given together with

the anti-diabetic drug metformin. As metformin isngrally taken twice daily, the fixed

dose combination should also adhere to this sckedilus, the question was which dose
of linagliptin, when given twice daily, would resuh a bioequivalent extent of steady-
state exposure and similar steady-state DPP-4iiidnbcompared to a 5 mg once daily
dosing scheme. Due to the nonlinearity, this cowtleasily be answered without resorting
to model-based simulations. Thus, the objectivePimject 2a was to evaluate by simula-
tions an equivalent dose for a twice-daily linagtipadministration to be tested in a

relative bioequivalence study.

2.5.2.1.2 Simulation strategy

The base population pharmacokinetic/pharmacodynamoidel of Project 1 was used for
the simulation. This was done under the followisguamptions: (a) The pharmacokinetics
and the relationship between pharmacokinetics dratnpacodynamics are not different
between healthy volunteers and type 2 diabeti@ptti (b) The tablet formulation used in
the relative bioequivalence study was not differeith respect to exposure to the formula-

tions used in Project 1.

Firstly, population mean profiles were simulatedngsthe Berkeley Madonna software
assuming that 1, 1.5, 2, and 2.5 mg linagliptinemgiven twice daily. The area under the
plasma concentration-time curve of one day at stetate (AUG4n s9 was calculated by

directly integrating the concentration-time curveger 24 h. These values were then

compared to the area under the plasma concenttatiencurve at steady-state of one
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dosing interval (AUGs9 simulated for 5 mg linagliptin given once dailkhe respective
DPP-4 activity-time profiles were investigated dregally.

Secondly, a clinical trial simulation was performiealsed on the following study design.
The study was assumed to have a randomised, twoelayge-over design with 5 mg
linagliptin once daily (treatment A) and the dosedmined in simulation 1 twice daily
(treatment B). Both treatments were to be admirest@ver seven days until steady-state
with no wash-out period in between them. Thus, ettbjreceiving sequence AB first get
treatment A and then treatment B, and vice versadquence BA. The number of healthy
volunteers included in the study was assumed tbebdlood sampling was to take place
at the last day of each treatment period, i.e. dagnad 14, respectively. On both days, the
following sampling schedule for linagliptin plasmoancentration and DPP-4 activity was
used: 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 81225, 12.5, 12.75, 13, 13.5, 14, 15, 16, 18,
20, and 24 h after the first administration of ghatin at the respective day. This study
design was simulated 1,000 times using the softWeaet Simulator.

For each simulated individual and treatment, theCAd)sswas calculated using the lin-log
computation implemented in Trial Simulator. Thdre geometric means of AU, ssand

the gCV were calculated per sequence, and pentesaitfor each of the 1,000 simulated
studies. In the next step, the mean of the gMealCAM ksvalues and their gCVs of the
1,000 simulated studies were calculated by sequandetreatment. Based on this, the
distribution of the AUGsnss were compared per sequence, to evaluate whetleer th
treatment period of seven days was long enoughpandreatment to investigate whether
the treatments were equal. Finally, the gMean fagioveen AUGq;, ssof treatment A and
treatment B and its 90% confidence interval wererteined for the 1,000 simulated trials

and compared to the acceptance interval of 0.86-1.2
25.2.2 Project 2b: Simulation to evaluate theimpact of impaired clearance

2.5.2.2.1 Objectives

During the clinical development of linagliptin tigeestion appeared whether patients with
renal impairment should be excluded in phase lidist. In order to support this decision,
alongside other criteria, the impact of an impaickghrance on the exposure of linagliptin
was to be investigated. Again, the nonlinear phaokiaetics made predictions without a

model difficult.
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2.5.2.2.2 Simulation strategy

The typical linagliptin plasma concentration-timeofdes were simulated using the
Berkeley Madonna software. The simulations were ethaon the pharmacoki-

netic/pharmacodynamic base model developed witrojeEt 1.

The fraction of linagliptin excreted in urine akeatly-state was only 3—6% after oral
administration of 1-10 mg linagliptin. With highsingle oral doses, the fraction excreted
increased up to 33% in the 600 mg dose group.imals the fraction of linagliptin-related

radioactivity excreted in urine, which consistedimhaof parent compound, was less than
25% after intravenous administration (cf. sectioB.?). Based on these results, it was
assumed that in the therapeutic dose range reeatatice accounts for a maximum of
~25% of the overall clearance. In addition, a 5@xuction of the overall clearance was

simulated to cover a worst case scenario.

For the simulation, it was assumed that 5 mg lip&gl were administered once daily to

patients having either 100%, 75%, or 50% of thgional clearance of unbound linagliptin

estimated within Project 1. The AY&s values were calculated by directly integrating the
simulated plasma concentration-time profiles ugimg Berkeley Madonna software. The
simulated increase in steady-state exposure (AgCorresponding to a 80and a 25%

decrease in clearance was calculated.
25.2.3 Project 2c: Simulation of a design for a dose-proportionality study

2.5.2.3.1 Objectives

A study was planned to assess the dose-proporityprtl different dosage strengths of
linagliptin tablets (1, 2.5, and 5 mg) at steadtestusing the final formulation. Linagliptin
was to be given once daily to healthy volunteera nandomised, three-period cross-over
study. Due to the long terminal half-life of linggin a change-over design, without any
washout between the periods was preferred. Theciblgeof Project 2c was to determine
by simulation the optimal treatment duration uat$teady-state profile could be obtained
within such a change-over design.

2.5.2.3.2 Simulation strategy

The simulations were based on the final populapbarmacokinetic/pharmacodynamic

model developed in Project 1. In the planned doeegtionality study the final tablet
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formulation was to be used. It was assumed thafitia¢ formulation used in this study
was not different with respect to exposure to @ndier tablet formulations used in study II.
Furthermore, it was assumed that there is no difiee in the pharmacokinetics between

healthy volunteers and type 2 diabetic patients.

Under these assumptions, a randomised three-waygekaver design with treatment
groups of 1, 2.5, and 5 mg linagliptin given oneadydwas simulated using the Berkeley
Madonna software. Initially, a treatment periodsefven days was tested. It was graphi-

cally investigated whether steady-state was acHiéweall treatments in all scenarios.

2524 Project 2d: Description and steady-state ssmulation of the drug-drug
interaction between linagliptin and ritonavir

2.5.2.4.1 Objectives

A phase | drug-drug interaction study was perforneetvestigate whether the treatment
with the P-glycoprotein and CYP3A4 inhibitor ritamiahad an effect on the pharmacoki-
netics of linagliptin. In this drug-drug interaatictudy, linagliptin was administered as a
single dose. The objective of Project 2d was tdliptehe steady-state profile of linagliptin

with ritonavir comedication.

2.5.2.4.2 Study design

The study was performed as an open-label, randdmise-way crossover trial. Two

treatments (test and reference) were tested. Dahiedest treatment, volunteers received
200 mg ritonavir twice daily for three days, plusiagle oral dose of 5 mg linagliptin on

the second day of the ritonavir treatment. Durihg teference treatment, volunteers
received 5 mg linagliptin only. The sequence oftments was assigned in a random
order. The two different treatments were separhyed washout period of at least 35 days.
Twelve healthy volunteers were included in the gtuthe study was conducted at the
Boehringer Ingelheim Human Pharmacology Centre iilmeBch an der Rif3, Germany.
Ethics committee reviewed and approved the studiopols and the study was conducted
within the ethical standards established by theldation of Helsinki (150) and in

accordance with applicable regulatory requirements.

Linagliptin plasma concentrations were determinsddascribed in section 2.1.1 and
collected at the following time points of each treant arm: pre-dose, 15, 30, 45 min, and
1.0, 1.5, 2.0, 3.0, 5.0, 7.0, 9.0, 10.5, 12.0, 2480, 72.0, and 96.0 h after the linagliptin
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administration. Compliance was ensured by admatisin of all study medication under
supervision of the investigating physician or aigiese. The only covariate tested within

Project 2d was comedication with ritonavir.

2.5.2.4.3 Modelling strategy

For a reliable prediction of the steady-state pedfie semi-mechanistic model developed
in Project 1 was to be used. In Project 2d, onbspia linagliptin concentrations after a
single dose of 5 mg linagliptin were available. SThwas not sufficient to support the
complex target-mediated drug disposition model.réfuge, the previously developed base
model was used as a framework for the current arsalyrhe model of Project 1 was
developed for type 2 diabetic patients, but sonfamajor differences in the pharmacoki-

netics of linagliptin between healthy volunteerd gatients are known.

The model development was performed in three stepstly, it was investigated which
typical model parameters of the Project 1 modell§daM3 from here on) had to be
adapted to describe the linagliptin concentratioihthe reference treatment. In the second
step, the impact of the ritonavir interaction ohtgpical model parameters of linagliptin
was explored. Finally, the interindividual variatyilof the model parameters was investi-

gated.

Firstly, all typical model parameters were fixed M8 to investigate whether M3 can
describe the reference treatment. Then, only onenpeter at a time was estimated while
all other parameters were fixed to M3. Based ondimp of the OBJF, it was decided
which parameter adaptation resulted in the begtrigti®n of the observations. This was
repeated until no further estimated parameter ded tlecrease in the OBJF of more than
3.84 points. During the entire procedure the inghixidual variability was fixed to 0. The

adapted model is referred to as M4.

The next step was to determine the parameter(snhdetled to be adapted to describe the
linagliptin concentrations when linagliptin was doanistered with ritonavir. Test and
reference treatment were analysed together. Enestypical model parameters were fixed
to M4 to investigate whether the adapted model cald@scribe the test treatment. Then,
only one parameter was estimated separately faletdreatment, while all other parame-
ters were fixed to M4. Based on the drop of the BBJvas decided which of the sepa-
rately estimated parameters resulted in the bestrigion of the test treatment. This
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procedure was again repeated until no additionahated parameter led to a decrease in
the OBJF of more than 3.84 points. This adaptedaingctalled M5.

Insufficient information was available to estimaik typical model parameters together.
Thus, interindividual variability was estimated fiying all typical model parameters to

M5. Interindividual variability was tested sequatiti on all model parameters keeping the
variability resulting in the best description oetindividual profiles. This procedure was

repeated until no further improvement was achidgweddding interindividual variability.

2.5.2.4.4 Model evaluation

The model was evaluated using visual predictivekfi@nd posterior predictive checks as
described in section 2.3.4. For the posterior ptes checks Gax and the area under the
plasma concentration-time curve from time pointoQirifinity (AUCo.in) Were used as

variables of interest.

2.5.2.4.5 Simulation strategy

The steady-state concentration-time profiles fothbtveatments, linagliptin alone and
linagliptin in combination with ritonavir, were toe simulated based on the final popula-
tion pharmacokinetic model of Project 2d. Firsthye typical model parameters were used
to simulate the mean population profiles for a iptédt dosing of linagliptin with and
without ritonavir comedication. It was assumed thaihg of linagliptin was given once
daily over seven days for both treatments. The kitimns were performed with the Trial
Simulator software. It was assumed that a full ifrofrias taken at day 1 and day 7 with
samples pre-dose, 15, 30, 45 min, and 1.0, 1.53205.0, 7.0, 9.0, 10.5, 12.0, and 24.0 h
after linagliptin administration. In between, dal#.ugn levels were simulated. Secondly,
1,000 profiles were simulated based on the speciidy design and the population
pharmacokinetic model including the interindividuahd residual variability. These
simulated 1,000 profiles were used to calculategiean of the area under the plasma
concentration-time curve from time point 0 to 24t (AUG.24p) and AUC ss and the
gMean of Guaxspand Gnaxssfor a once daily treatment with 5 mg linagliptimith and

without ritonavir comedication.
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2.5.3  Project 3: Covariate analysis

25.3.1 Project 3a: Pharmacokinetic covariate analysis

2.5.3.1.1 Objectives

The objective of Project 3a, extending Project &swo characterise the nonlinear pharma-
cokinetics of linagliptin in a larger patient poatibn with the main focus on investigating
the impact of weight, sex and age on the pharmaetiks of linagliptin. For these
covariates, no dedicated phase | studies were @thnim addition, other covariates of

clinical relevance for the pharmacokinetics of gjliatin were to be identified.

2.5.3.1.2 Study design

Project 3a was based on four clinical studies: pvase lla studies with intensive pharma-
cokinetic sampling schemes and two phase llb stueveéh sparse pharmacokinetic
sampling. The phase lla studies were also usedajed® 1 and are described in section
2.5.1.2 in detail. A description of the phase kilodges is given in the following.

The phase IlIb studies (study Il and study IV) wém@h randomised, double blind,
placebo-controlled studies, each with four pardbehtment arms. In study Ill, 0.5, 2.5, or
5 mg linagliptin or placebo were administered odady over twelve weeks. In study IV,

1, 5, or 10 mg linagliptin given once daily werstasl versus placebo as add-on treatment
to metformin. The treatment duration was againvte&leeks. The tablet formulation used
in both studies was identical but differed fromttiavestigated in study Il. Table 2-2

summarises the main characteristics of the foutissuused within Project 3a.

Table 2-2 Summary of studies used in Project 3

Study Phase Formulations Doses [mg] Duration Number of patients Add-on to
treated with linagliptin metformin
(planned)
| lla Powder in Bottle 1, 2.5, 5, 10 12 days 36 No
Il lla Tablet 1 2.5,5,10 4 weeks 60 No
I IIb Tablet 2 0.5,25,5 12 weeks 225 No

\Y I1b Tablet 2 1,5, 10 12 weeks 225 Yes
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The studies were conducted at several centres ghoat Europe, North America, and
Australia. Ethics committees reviewed and appraedstudy protocols and the studies
were conducted within the ethical standards estiadtli by the Declaration of Helsinki

(150) and in accordance with applicable regulateguirements.

The sampling schemes of the phase lla studies llaar@ presented in section 2.5.1.2. In
studies Ill and IV, the blood samples of linagipplasma concentration measurements
were taken at four visits (definitions see belowglways before, 1 h+0.5 h), and 2 h
(x1 h) after the linagliptin administration. In addit, one sample was taken at a follow-up
visit. In both phase Ilb studies, some flexibiliyas allowed in scheduling the visits
according to the following time windows. The timetarval between the first (first
linagliptin administration) and second visit was-38 days (i.e. 4-5 weeks), between the
second and the third visit 28—-35 days (i.e. 4-5kagebetween the third and the fourth
visit 28-35 days (i.e. 4-5 weeks), and betweenfdheth and the follow-up visit 14-21
days (i.e. 2—3 weeks). The linagliptin plasma cotegions were determined as described

in section 2.1.1.

In both phase llb studies, the patients had torcettee actual administration date and time
of the last three doses before a clinic visit oa platient visit card; this information was
transferred to the CRF by clinic personnel. Theaiactate and time of administration at

the clinic visit was recorded in the CRF by thaiclipersonnel.

The demographic characteristics were determinedceg¢ening, and weight was also
measured at visits 1 and 4. The laboratory valuesewneasured at screening, at the
beginning of the placebo run-in, and at the visit2, 4, and the follow-up visit. Fasting

plasma glucose was determined at all clinic vist®-dose DPP-4 activity was measured

at visit 1 before the first administration of liniggin.

2.5.3.1.3 Modelling strategy

The plasma concentrations of the phase Ilb studere to be analysed using the target-
mediated drug disposition model developed in Ptdieo allow a meaningful interpreta-
tion of the covariates. The sparse sampling scheen®rmed in phase llb did not allow
estimating all parameters of the model. Thus, tamgkts from the phase lla and llb
studies were combined to perform a well-foundedacate analysis based on a physio-
logically plausible model. The base population phecokinetic model previously

developed in Project 1 served as a starting poimthie modelling analysis.
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Base model. At first, it was tested whether the population hacokinetic model of
Project 1 could describe the plasma concentratbrssudies Ill (phase llb mono-therapy
study) and IV (phase IIb add-on to metformin studM) model parameters were fixed to
the population pharmacokinetic model of Projechil andividual Bayesian estimates for
both studies were obtained. The distribution of Bagesian estimates around the typical
parameters and the description of the concentréitioe profiles were investigated

separately per study.

Then, the model parameters were estimated basedl four studies. A possible effect of
metformin treatment on the linagliptin pharmacokice was investigated. Necessary
adjustments were implemented into the model. Initmadto the variability already
implemented in the population pharmacokinetic maafeProject 1 (i.e. interindividual
variability on relative bioavailability, absorptiorate constant, and concentration of
binding partner in the central compartment, inwardual variability on relative bioavail-
ability), interindividual variability on clearancgnd the volumes of distribution were
investigated. Because of the sparse data, no fuirttr@individual variability was tested.
For the phase lla studies, the occasions for mireidual variability were defined in
section 2.5.1.3. For the phase llb studies, evesy m which linagliptin concentrations
were measured was handled as a separate occasivoryd and the follow-up visit were
treated as one visit as both belonged to one adtration. The residual variability was
described by an additive residual variability mofiellog-transformed data corresponding

approximately to a proportional residual variaimodel using untransformed data.

Covariate model. Once the base model was established, the impabeafovariates was

investigated. Which covariate was tested on whiatameter is listed in Table 2-3. The
covariate analysis was mainly performed as destribe2.3.1.3. Due to extensive run
times andn-shrinkage (158), the standard approach was adastédllows. To decrease
the run time, the major part of the forward inctusiand backward elimination procedure
was conducted separately per model parameter antbdkl parameters were fixed to the
estimates of the base model except the investiggpechl pharmacokinetic parameter, its
variability and the typical parameter of the coatgieffect. In addition, during the forward
inclusion, the addition of a covariate was requit@desult in a drop of the OBJF value of
at least 6.635 points £€0.01,%% 1 df) — instead of 3.84 0.05, %% 1 df) points in the

standard approach — in order to be retained, otkerthe covariate was removed. A

forward inclusion criterion closer to the backwaglimination criterion was applied to
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restrict the inclusion of covariates during thewfard inclusion step to the more relevant
ones. Due to thg shrinkage, the Bayesian estimates might be bieseting to misleading
results of the explorative and GAM analysis. Fas tieason, the covariates age, sex, and
weight, that were of special interest, as wellresdovariates found in the initial covariate
analysis of Project 1, were pre-defined to be teBteNONMEM.

Table 2-3 Covariates investigated in Project 3a

Model parameter Covariate
All model parameters with Demographic information: age, weight, height, body mass index, body
interindividual variability surface area, sex, ethnic origin, smoking and alcohol status

study number, randomisation group

Absorption parameters with Formulation

interindividual variability

Distribution and elimination Laboratory values: serum creatinine, creatinine clearance, urea, alanine
parameters with interindividual transaminase, aspartate transaminase, alkaline phosphatase, gamma-
variability (including binding glutamyl transferase, total bilirubin, creatine kinase, cholesterol, C-
parameters) reactive protein, triglyceride, fasting plasma glucose

metformin treatment, pre-dose DPP-4 activity in RFU

Finally, the impact of the statistically signifidacovariates on the AUGs values was to
be investigated to evaluate the clinical relevaotéhe covariates. These investigations
were performed using the Berkeley Madonna softw&a@. continuous covariates, the
typical concentration-time profiles of a subjectlwihe median or either of the extreme
covariate values {band 9%' percentiles of the covariate distribution) wenasiated. For
categorical covariates, these simulations wereopadd for each category. The Alkg
values were calculated by integrating the typicadaentration-time profiles directly using
the Berkeley Madonna software.

2.5.3.1.4 Model evaluation

The description of the base model was investigagEdstudy and dose group using a visual
predictive check as described in 2.3.4.1. The fmaldel was evaluated by a posterior
predictive check performed per dose group as desttrn 2.3.4.2 using fax and Grough

levels as variables of interest.
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25.3.2 Project 3b: Pharmacodynamic covariate analysis

2.5.3.2.1 Objectives

The objectives of this analysis were to charaatetiee relationship between linagliptin
plasma concentration and plasma DPP-4 activitype 2 diabetic patients and to identify

clinically relevant covariates affecting this cdateon.

2.5.3.2.2 Study design

Project 3b used the linagliptin plasma concentratiand DPP-4 activities of the same four
clinical studies as Project 3a. The study desigms raported in sections 2.5.1.2 and
2.5.3.1.2 in detail. DPP-4 activity was always nueed at the same time points as the
respective linagliptin plasma concentrations. Llipdop plasma concentrations and plasma

DPP-4 activity were measured as described in 2.1.

2.5.3.2.3 Modelling strategy

Initially, this analysis was planned to extend thepulation pharmacokinetic model
developed in Project 3a. However, this was notiptesslue to the very long run time of
more than five days of the population pharmacokinetodel. As the linagliptin plasma
concentrations and the plasma DPP-4 activity wezasured at the same time points and a
direct relationship with no hysteresis observegphieally between both measurements, it
was possible to correlate the linagliptin plasmacemtrations directly to the DPP-4

activity.

For this covariate analysis, the dataset had t@Hanged as follows: The four single
datasets were harmonised, merged, and re-orgattisgdate a dataset containing plasma
DPP-4 activity as dependent variable and the cporeding plasma linagliptin concentra-
tion measured at the same time points in a sepacitienn. No dosing information was
included into the dataset. For reasons unknowagliptin concentrations were measured
for nine patients before any dose of linagliptinswadministered. For these patients, all
pre-dose information (linagliptin plasma concemntratand plasma DPP-4 activity) was
removed. For all other patients, a zero was impigatkin the concentration column, when
the dependent value column contained a pre-doseddifivity or when the patients were
randomised to placebo. If the patients under lipégl treatment contained either only a

concentration measurement or only a DPP-4 actatity certain time point the respective
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data were not included in the dataset. All modifmas were conducted with a user-written
Splus script.

Base model. A simple En,ax model and a sigmoidfx model were tested to describe the
correlation between linagliptin plasma concentratmd plasma DPP-4 activity. Interindi-
vidual variability in all the typical parameters svio be investigated. No intraindividual
variability was investigated.

Covariate model. Once the base model was established, the impabeafovariates was
investigated. All covariates listed in 2.2.1.2, ept formulation and pre-dose DPP-4
activity were tested on all parameters exhibitintgiindividual variability. The covariate
analysis was performed as described in detailétige2.3.3.3.

Finally, the impact of the covariates on the mopatameter E§ as well as on the
concentration leading to 80% inhibition of plasm@f>4 was to be investigated in order to
evaluate the clinical relevance of the covariateese investigations were performed in
Excel. For continuous covariates, the impact of rtredlian and of the extreme covariate
values (8 and 98" percentiles of the covariate distribution) on themrameters were
determined. For categorical covariates, the impaeach category on the parameters was

calculated.

2.5.4  Project 4: Estimation of the absolute bioavailability of linagliptin

254.1 Objectives

The standard approach (159) to determine the aesbioavailability is dividing the dose-
normalised AUG,. by the dose-normalised AUE However, this standard approach is
only valid if the clearance calculated by CL DFAUC of a drug is constant. This is not
the case for linagliptin. One possibility to detamenthe absolute bioavailability despite
nonlinear pharmacokinetics is to develop a popafatpharmacokinetic model that

accounts for the nonlinear process (160). This@ggr was used for linagliptin.

25.4.2 Study design

Project 4 analysed a single dose, randomised, lpdacentrolled, parallel trial, conducted

in healthy men. The study was single-blind in teohgeatment within dose groups. Three
treatment groups (1, 2, and 4) received singleauanous doses of linagliptin at dose levels
0.5, 2.5, and 10 mg. In treatment group 3, subjacterwent a two-way randomised cross-
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over design, separated by at least 25 days of washeceiving 5 mg linagliptin intrave-
nously, and 10 mg linagliptin as a tablet. The gtdesign is presented in Figure 2-1.

‘Group 1: 0.5 mg linagliptin i.v. ‘

‘Group 2: 2.5 mg linagliptin i.v. ‘

‘Group 3: 5 mg linagliptin i.v. [\Q&oup 3: 5 mg linagliptin i.v. ‘

‘Group 3: 10 mg linagliptin oral Group 3: 10 mg linagliptin oral ‘

‘Group 4: 10 mg linagliptin i.v.

Figure 2-1 Study design of Project 4.

Within groups 1, 2, and 4, six subjects receiveddliptin and two subjects received
placebo, respectively. In Group 3, ten subjecteived linagliptin and two subjects

received placebo. The intravenous solutions wemgiradtered as an infusion over a time
period of 90 min. The study was conducted at PHAREDSH, Pharmaceutical Research
Outsourcing, Ulm. Ethics committees reviewed anprayed the study protocols and the
study was conducted within the ethical standartibéshed by the Declaration of Helsinki

(150) and in accordance with applicable regulateguirements.

Plasma samples for pharmacokinetic assessmentstalee pre-dose and at 30, 60, 90
(end of infusion), 92, 95, 100, 105 min, 2.0, 2.2%, 3.0, 3.5, 4.0, 5.0, 6.0, 8.0, 12.0 and
24.0 h after start of the infusion, as well as gose and at 15, 30, 45 min, 1.0, 1.5, 2.0,
3.0, 4.0, 6.0, 8.0, 12.0, and 24.0 h after oral iathtmation. In addition, plasma samples
were taken on days 3, 4, 5, 6, 8, and 9, when stsb@tended the study unit for walk-in

visits. Linagliptin plasma concentrations were deieed as described in section 2.1.1.
Compliance was guaranteed by administration ofstbdy medication under the supervi-

sion of the investigating physician or a designealbstudy days.

25.4.3 Modé€ling strategy

The model development was performed in a stepwisener. Firstly, it was investigated
whether the model structure of Project 1 was aldegaate to describe the linagliptin
plasma concentrations after intravenous administrabr whether adaptations were

necessary. Then, the plasma concentrations afir@dministration were added and both
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datasets were analysed simultaneously to estinm&eabsolute bioavailability of lina-
gliptin.

In order to test whether the model structure ofdtal was also valid to describe plasma
concentrations after intravenous administratiomotiom-up approach was used. First, it
was tested whether a one-, two-, or three-compattmedel could describe the linagliptin
plasma concentrations after intravenous administraind whether incorporating concen-
tration-dependent binding in the central or thet@@nplus a peripheral compartment
improved the description of the data. The way timeling was implemented in the model
is described in detail for Project 1. When the mlasoncentrations after oral administra-
tion were added, the disposition of linagliptin wassumed to be identical between
intravenous and oral data. To model the absormfdimagliptin a first-order process with

lag-time was used. The stochastic model was inyatstil as described in 2.3.3.2.2.

2544 Modd evaluation

The evaluation of the population pharmacokineticdelovas performed using a visual

predictive check as described in section 2.3.4.1.

2.5.5  Project 5: Model-based pharmacokinetic analysis of linagliptin in

wildtype and DPP-4-deficient rats

2551 Objective

The objective of Project 5 was to test the hypathsat concentration-dependent binding
of linagliptin to its target DPP-4 in plasma ansktie has a major impact on the pharma-
cokinetics of linagliptin. This was to be tested tgmparing the pharmacokinetics of
linagliptin in wildtype and DPP-4-deficient ratsimg a model-based analysis. The model
was to describe the pharmacokinetics in both redirst simultaneously by possibly
accounting for concentration-dependent bindingirddliptin to DPP-4 only in wildtype
rats. This pharmacokinetic model was used for @arrfimulations illustrating the impact

of target-mediated drug disposition on the pharrkime&tics of linagliptin.

255.2 Study design

Single intravenous doses of 0.01, 0.1, 0.3, 1,03.ahd 50 mg/kg oflfC]linagliptin were
administered to male DPP-4-deficient or wild-typscRer rats in a parallel group design.
In each dose group, four DPP-4-deficient and foildltype animals were included, except
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for the 0.01 mg/kg dose level which was not ingzged in DPP-4-deficient rats due to the
limit of quantification of the linagliptin assay éthe expected very low plasma levels. The
study was conducted by the group Nonclinical Phaokiaetics, Boehringer Ingelheim.

Radiolabelled linagliptin was used because postenotissue radioactivity was measured
to quantify tissue concentrations from the samenals (161). These concentrations were

not used for the pharmacokinetic model.

Male wildtype Fischer rats of the strain F344/Du@mre supplied by Charles River,
Germany and DPP-4-deficient male Fischer rats @ skrain F344/DuCrICrlJ were
supplied by Charles River, Japan. In the lattety anamutant and enzymatically inactive
form of the DPP-4 protein is initially synthesisdtat is not further processed to the
mature DPP-4 and rapidly degraded (81,82).

The compound was dissolved in a small volume ofM.thydrochloric acid and further
diluted with sterile 0.9% NaCl solution to the fir@ncentration. The formulation was

administered as a single bolus injection into erkdttail vein.

Blood samples were taken from the sublingual veideu isoflurane anaesthesia 2 and
5min, as well as 1, 4, 8, 24, 48, and 72 h afteniaistration. Total linagliptin plasma
concentrations (labelled and unlabelled compoundyewdetermined as described in

section 2.1.1.

2553 Modeling strategy

Only the dose groups 0.01-1 mg/kg were includedhan model-based analysis, as a
DPP-4-related difference was mainly obvious forstheloses. At higher dose groups a
second nonlinearity with a more than dose-propodiancrease in exposure was found in
both rat strains. This second nonlinearity is mosly not relevant for the therapeutic

concentration range and was therefore not furtihestigated.

The analysis was carried out in a stepwise marestly, it was investigated which model
adequately described the linagliptin plasma comaénot in DPP-4-deficient rats. Due to
the linear pharmacokinetics of linagliptin in DPRidficient rats in the investigated dose
range (0.1-1 mg/kg), only linear one-, two-, ang¢hcompartment models were tested. In
the second step, the plasma concentrations from-D&éticient rats and wildtype rats
were analysed together. This analysis was perforoneder the assumption that the
distribution and elimination of linagliptin were @dtical in both rat strains, with the

exception of concentration-dependent binding to 3Rkhich was only existent in wild-
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type rats. Thus, the pharmacokinetic model derifrech DPP-4-deficient rat data was
expanded to include saturable binding in either temtral and/or the peripheral
compartment(s) in order to test which model adexjyatdescribed the plasma
concentrations of wild-type animals. During modelvelopment, the DPP-4 independent
parameters were fixed to those from the DPP-4-aefiadat model. In the final model, all

parameters were estimated simultaneously.

The concentration-dependent binding was implemeimea the model as described in
Project 1. For the final model structure, the agstion of quasi-equilibrium conditions for
the binding of linagliptin to DPP-4 was tested.the quasi-equilibrium model, it was
assumed that the binding equilibrium was reachstéfdahan all other processes, requiring
only an estimation of the state of equilibrium bgans of the dissociation constant)K
When the assumption of quasi-equilibrium conditiores abandoned, a description of the
binding equilibrium by means of the associatiore rednstant (Ky) and the dissociation
rate constant (Krp was required, with K= KordKon. Because of the difficulty in
precisely estimating &y and Korr together (152), the d&r value was fixed to the value of
0.108 h* determinedn vitro (101).

2554 Modd evaluation

The models were evaluated using goodness-of-fispla addition, the model parameters
for CL, central volume of distribution ¢y, and \&s of unbound linagliptin were compared
to those calculated by the noncompartmental arsafgsiDPP-4-deficient rats. The model-
estimated binding parameters were compared to tdegeed by an equilibrium plasma
protein binding study (162).

2555 Simulation strategy

The final pharmacokinetic model, which describes ggharmacokinetic profiles of DPP-4-
deficient rats and wildtype rats simultaneously,swased for simulations to further
characterise the impact of the target-mediated drsigosition on the pharmacokinetics of
linagliptin in wildtype rats. The simulations weperformed using the Berkeley Madonna
software. The time courses of total linagliptin centration and the DPP-4 bound concen-
tration in the central compartment, as well agtitme course of linagliptin in the peripheral
compartment(s) in wildtype and DPP-4-deficient ratsre simulated. In addition, the
influence of altered amounts of binding partnethi@ central and peripheral compartments

(x50% each) on the total linagliptin plasma conceiana the unbound plasma concentra-
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tion, and the fraction of DPP-4 bound to linaghp(i.e. occupancy) were investigated for

wildtype animals.
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3 Results

31 Project 1: Population pharmacokinetic/pharmaco-

dynamic analysis of linagliptin in type 2 diabetic patients

The objective of this project was to characteribe nhonlinear pharmacokinetics of
linagliptin and the relationship between its phatoknetics and the DPP-4 activity in
type 2 diabetic patients.

The analysis was based on studies | and I, twdipheldose phase lla studies with 47 and
77 type 2 diabetic patients, respectively. The waajority of patients was male, only five
female patients participated in study Il. The meges of patients were 56.0 (range: 36—
65) and 60.1 (range: 40-69) years, and the meagy bwds indices were 28.6 (range:
22.4-34.6) and 28.8 (range: 20.4-34.9) Kglraspectively. Only Caucasian patients were
included in the trials. The distribution of all @ates and the correlation between the
covariates are summarised in the Appendix, Tablasd}5, as well as Figures 1 and 2,
respectively. As the fraction of females includatbithe studies was less than 10%, sex
was not tested as a covariate. No unexpected atioie$ between the covariates were
observed (Appendix, Figures 1 and 2).

The dataset comprised 3,210 pharmacokinetic obsanga i.e. plasma samples with a
valid measurement of linagliptin plasma concentragiabove the limit of quantification,
from 96 patients. One patient in study Il, randadiso 5 mg linagliptin treatment, was
withdrawn from the study for safety reasons (ventdar extra systoles) after the first
linagliptin administration (163). The distributiaf the numbers of patients and pharma-
cokinetic observations per dose group is preseimdtie Appendix, Table 6. As 1 mg
linagliptin was tested only in study I, this dogeup contained less patients and pharma-
cokinetic observations compared to the other daseipg. The individual linagliptin
plasma concentration-time profiles per study anskedgroup are shown in the Appendix,
Figure 3. Linagliptin exhibited nonlinear pharmairatics with a less than dose-
proportional increase in the linagliptin plasma @amtration-time profiles (104). The
pharmacokinetic profiles indicate the low and ddependent accumulation of linagliptin

as described in section 1.3.2.2. Surprisingly,dirediles in study Il were higher compared
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to those of study | when the same doses were caupaspecially in the higher dose
levels, although the formulations had been tesidzbtbioequivalent in a separate study.

A total of 4,350 plasma DPP-4 activities from 12atignts were included in the dataset.
The distribution of DPP-4 activity per dose groggresented in Appendix, Table 6. Again
the 1 mg dose group contained less observationpa@@u to the other dose groups. No
DPP-4 activity measurement was removed from thasagat Linagliptin led to a dose-

dependent inhibition of DPP-4 with a more than 88i%ady-state DPP-4 inhibition over
24 hin the 5 and 10 mg dose groups (Appendix, reigd. The linagliptin plasma concen-
trations and the plasma DPP-4 activity were wettalated in a sigmoid manner with a
steep concentration-effect relationship (Figure).3-1
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Figure 3-1 Correlation between linagliptin plasma concentration and plasma DPP-4 activity for

studies | and Il. Placebo and pre-dose observations not shown due to logarithmic scale.

3.11  Model development

3.1.1.1 Pharmacokinetic base mode

Linear one-, two-, and three-compartment model& Viist-order absorption and elimina-
tion failed to adequately describe the pharmacakiseof linagliptin. A linear two-
compartment model was significantly better thamear one-compartment modA@BJF
-4,423.619) and not inferior compared to a lindaee-compartment modeAQBJF 0).

Including one concentration-dependent binding pedea the central compartment of a
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two-compartment model improved the model fit sigaihtly AOBJF -2,682.855) and
was superior to the implementation of a saturatblgogption into a two-compartment
model QOBJF -112.003). Adding a second concentration-dégrenbinding process with
equal binding affinity in the peripheral compartmeasulted in a significantly better
description of the plasma concentration-time pesfilOBJF -142.92), while adding a
second peripheral compartment did not improve tloelehfit (AOBJF 0). Adding the

second peripheral binding partner to the centradgartment, i.e. assuming that linagliptin
binds without a distribution process to this secbimtling partner and linagliptin bound to
this second binding partner is not longer measarabplasma, did likewise not improve
the model fit AOBJF 0). Thus, the nonlinear pharmacokinetics wadliptin was best

described by a two-compartment model with concéptradependent protein binding in

the central and the peripheral compartment (FiGe2é.

Interindividual variability was tested on all phaookinetic model parameters in a
stepwise manner and implemented on the relativaviitability, the absorption rate
constant and the concentration of the central hopgiartner. Intraindividual variability
was tested on these three parameters as well eleamance, and was found necessary to
be implemented on the relative bioavailability. Aduh of further inter- or intraindividual
variability on other parameters of the populatidragmacokinetic model did either not
result in a better description of the plasma cotreéipns or decreased the stability of the
model. The residual variability was adequately dbsd by an additive residual variability
model for the log-transformed plasma concentratiqm®portional residual variability
model for untransformed data). The parameter estgnaf the pharmacokinetic base

model are presented in Table 3-4.
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Linagliptin Linagliptin Linagliptin Linagliptin
bound unbound unbound bound
A B

max,P P max,C

Total Linagliptin
Plasma Concentration

Figure 3-2 Structure of the final population pharmacokinetic model of Project 1. The pharmacoki-
netic model of linagliptin accounts for concentration-dependent and reversible binding of linagliptin
to DPP-4 in plasma and in peripheral tissues. “Linagliptin bound” refers to linagliptin bound
specifically and concentration-dependently to DPP-4. “Linagliptin unbound” refers to free linagliptin
as well as to linagliptin bound non-specifically and non-saturably to proteins. The total linagliptin
plasma concentration is the sum of unbound and bound linagliptin concentration in the central
compartment. F, relative bioavailability; K,, absorption rate constant; Vc/F, apparent central volume
of distribution; Vp/F, apparent volume of distribution of the peripheral compartment; Qp/F, apparent
intercompartmental clearance between central and peripheral compartment; CL/F, apparent
clearance; Bmaxc, concentration of binding partner in the central compartment; Anaxp/F, apparent

amount of binding partner in the peripheral compartment; Kd, dissociation constant.

3.1.1.2 Identifiability of the phar macokinetic model

Due to the complexity of the pharmacokinetic modekas to be investigated whether the
proposed model structure is identifiable given dkailable data. Structural identifiability
is the ability of a model to uniquely estimate pdrameters given ideal, error-free data.
Deterministic or numeric identifiability is the diby of a model to uniquely estimate all
parameters given actual, non-ideal data (140).ebafit methods were used in the follow-
ing to investigate whether the structure of a twopartment model with two concentra-
tion-dependent bindings, one in the central andother in the peripheral compartment,
was structurally and numerically identifiable, payiparticular attention to the identifiabil-

ity of the two binding partners.
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3.1.1.2.1 Influence of binding on plasma pharmacokinetic peef

First, the influence of variations in the amountlw binding partner in the central and in
the peripheral compartment on the plasma concemirtitne profiles was investigated.
This was done on the premise that perturbancenmdel parameter must have an effect
on the resulting plasma concentration-time profitethe parameter to be estimated by the
model. Changes in Bxc affected the concentration-time profiles of allsdogroups
(Figure 3-3, upper panels).
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Figure 3-3 Predicted influence of altered (50%, solid line; 100% (original value), dotted line; 150%,
dashed line) amounts of central (upper panels) and peripheral (lower panels) binding partner on the
plasma concentration-time profiles for the treatment with 1 (left panels) and 10 mg (right panels)
linagliptin once daily. Due to the small impact of altered amounts of peripheral binding partner on

the plasma concentration-time profiles, the three profiles partly overlap (lower panels).
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In contrast, changes in the amount of the bindiagner in the peripheral compartment
(Amaxp affected the 1 mg dose group predominantly, bua tesser extent (Figure 3-3,
lower panels). The same trend was observed withrdetp the log-likelihood profiles
(Appendix, Figure 5): Raxc Wwas estimated more precisely, with a relative daach error
(RSE) of 3.3%, than fuxp (RSE 10.0%). Taken together, both analyses sugatthe
binding in both compartments is identifiable.

3.1.1.2.2 Simulation and re-estimation

Whether linagliptin actually binds to a periphébaiding partner has not been experimen-
tally proven thus far. With the following approaithwas tested, whether in a simulated
scenario for which the existence or non-existerica peripheral binding is known, the
model has the ability to identify the correct sgemaThus, concentration-time profiles
were simulated based on the given study desigmystuand two different simulation
scenarios (S1, S2) with the binding partner bewgjlable only in the central (S1) or in
both (S2) compartments (Figure 3-4). In the negpstach dataset was re-estimated
assuming either binding only in the central comparit (M1) or in both compartments
(M2). The re-estimations for S1 showed that in 69af 70 cases, M2 was not superior to
M1 and thus the model was correctly identified (fFeg3-4, left flow chart). In contrast,
the re-estimations for S2 showed that in 100% efdimulated datasets M2 was superior
to M1 (Figure 3-4, right flow chart). Hence the mmt model was chosen for both

scenarios.

S1 S2
| |
| | | |
98.6% 1.4% 0.0% 100%
C O ¢m > S D> D> D
M1 M2 M1 M2

Figure 3-4 Schematic representation of both simulation (S1, S2) and re-estimation (M1, M2)

scenarios. PB, concentration-dependent protein binding.

In Table 3-1 the inaccuracy and imprecision of teestimated parameters are presented
when model M2 was used to re-estimate scenaridAbpopulation parameters were re-

estimated accurately and with an adequate precisigygesting that the model in general,
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and the peripheral binding in particular are ideadtie. Again, the standard deviation of
the typical population estimates indicated that.2 was estimated more precisely than
Amaxp (6.5% versus 22.9%).

Table 3-1 Inaccuracy and imprecision of the re-estimated parameters using model M2 (estimated
assuming binding in the central and the peripheral compartment) and simulation scenario S2

(simulated assuming binding in the central and the peripheral compartment)

Ka VC QP VP CL Bmax,C Kd Amax,P U)F (l)Ka meax,C 0prop

Parametersused 0.710 701 422 1,980 225 4.34 0.0706 1,630 0.183 0.348 0.0428 0.08

in the simulation

Inaccuracy [%]”  -0.01 +4.4 +4.6 +0.8 +31 +04  +60 +25 -100 -11.5 +0.9 0.4

Imprecision [%]” 11.8 9.0 133 169 177 6.5 9.6 22.9 37.5 26.1 26.2 4.7

2 Inaccuracy was determined as the percent deviation of the re-estimated mean value from the parameter
estimate used in the simulation.

2 Imprecision was calculated as the coefficient of variation of the re-estimated parameters.

3.1.1.2.3 Fisher-Information-Matrix

In a third test, the identifiability of the modedqameters was investigated using the Fisher-
Information-Matrix. The determinant of the Fishafdrmation-Matrix was 1.520% and
thus far from zero, suggesting that the model isctarally identifiable (Prof. Stephen
Duffull, personal communication). The relative stard errors calculated based on the
Fisher-Information-Matrix are given in Table 3-2hél binding parameters Bc and
AnmaxpWere supposed to be determined precisely giveimntrestigated study design, with
relative standard errors of 4% and 26%, respegtiveterestingly, omitting the 1 mg dose
group increased the relative standard errors fai Afrom 26% to 56%. This shows that
due to the nonlinear pharmacokinetics, a rangeoeésl is required to reliably estimate all
parameters, e.g. low doses were most informativetfe estimation of the peripheral

binding partner.

Table 3-2 Relative standard errors determined by the Fisher-Information-Matrix

Ka VC QP VP CL Bmax,C Kd Amax,P wF u)Ka U)Bmax,C cprop.

RSE[%] 118 84 89 129 76 39 159 258 251 331 24.4 4.0
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3.1.1.3 Pharmacokinetic/phar macodynamic base model

A descriptive sigmoid Fax model fitted the DPP-4 activities adequately aras$ \superior
to a simple kax model AOBJF —3781.156, k. estimate near the boundary (100%) in the
simple E,ax model). In addition, two semi-mechanistic modetyevtested, anx model
using CUjasma@nd a model linking the occupancy, i.e. the factof DPP-4 molecules
bound to linagliptin, proportionally to the DPP-4tigity. The Clasmaas well as the
occupancy were both estimated in the pharmacokirgrt of the model. In the &
model using CllasmaVvery similar values for Kand EGy were estimated (K 0.0738 nM,
ECso: 0.0723 nM). Both models described the DPP-4 digtss equally well AOBJF
—0.306). Thus, based on the principle of parsimdhg, simpler occupancy model was
selected for further development. The performarfcie descriptive sigmoid Jzx model
was compared to the occupancy model. As both moaetse not nested, a comparison
based on the OBJF was not possible. The occupandglnvas chosen as final model for
the following reasons: (a) standard goodness-gifléits were similar for both models, (b)
the occupancy model required two parameters leyshé¢ residual variability for pharma-
cokinetics and pharmacodynamics was higher in #seriptive sigmoid Fax model, (d)
relating the DPP-4 activity to the DPP-4 occupaisci line with the hypothesis that the

saturable binding observed in plasma was due tbittdéng of linagliptin to DPP-4.

The only pharmacodynamic parameter in the occupamagel was Fax Interindividual
variability on Eqaxwas estimated to be very low (<2%) and was theeefiot implemented
into the model. The residual variability was addglya described by a proportional
residual variability model; adding an additive ity model was not supported by the
data. The parameter estimates of the base populptiarmacokinetic/pharmacodynamic

model are shown in Table 3-4.

3.1.14 Covariatesdection

The covariate analysis was performed as describegdtion 2.3.3.3. The covariates pre-
selected by graphical exploration and by GAM analyawe listed in Table 3-3. The

preselected covariates and the predefined covarletieed in section 2.5.1.3 were then
tested in NONMEM using the forward inclusion backsvalimination procedure. The

statistically significant covariates depicted bigthrocedure are presented in Table 3-3.
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Table 3-3 Covariates selected during the different phases of the covariate screening process

Graphical exploration GAM analysis Forward inclusion and
backward elimination
procedure in NONMEM

Bioavailability Study/formulation Study/formulation, age Study/formulation
Rate of absorption Study/formulation, Alanine transaminase, Dose group
dose group triglycerides, alcohol status,
dose group

Concentration of Baseline DPP-4 Aspartate transaminase, Aspartate transaminase
central binding partner activity (raw data) 2 alkaline phosphatase, dose

group, triglycerides, C-

reactive protein, baseline

fasting plasma glucose
Apparent volumes of NA NA None
distribution
Apparent clearance NA NA Alanine transaminase

D Not tested in GAM and NONMEM to allow the detection of otherwise hidden correlations between the

concentration of central binding partner and laboratory values, e.g. liver enzymes

NA, not applicable

The effects of the covariates on the linagliptiagpha concentration- and plasma DPP-4
activity-time profile were small. The following caxiates were statistically significant but
not included into the final covariate model for th@ted reasons: The absorption rate
constant decreased with increasing dose. Thisteffas predominantly observed for the
powder in the bottle formulation (study I) and rot the tablet (study Il) which is the
intended formulation for further development. Theneentration of the central binding
partner increased with increasing aspartate traimsesa values. However, this relationship
was driven by only four data points. The unbouregh@dnce was slightly increased with
increasing aspartate transaminase values. Phygiallyg an increase of alanine transami-
nase, suggesting a deterioration of the hepatictium is expected to correlate with a
decrease of the clearance.

Thus, the only covariate impact remaining in timaficovariate model was a 30% decrease
of bioavailability in study | compared to study Due to the different formulations in both
studies, different inter- and intraindividual vdnilgties were implemented. As the interin-
dividual variability in bioavailability in study tould not be estimated precisely (RSE

353%), it was fixed to zero and only intraindivitluariability was implemented. All



3 Results 69

covariates mentioned in the previous paragraph weréefined to be tested in NONMEM
together with the phase Ilb data (Project 3a).

3.1.2 Final model

Supporting the initial hypothesis, that concentratilependent binding of linagliptin to

DPP-4 is responsible for the nonlinear pharmacakiseof linagliptin, the plasma

concentration-time profiles were best described ébywo-compartment model with

concentration-dependent binding in the central #nedperipheral compartments (Figure
3-2). The compound reaches the central compartigna first-order process. In the
central compartment, the unbound compound eitretsbcompetitively and reversibly to a
high affinity, low capacity binding partner, is mihated via a first-order process, or is
distributed to the peripheral compartment. In teeigheral compartment the compound
can again bind competitively and reversibly to ghhaffinity, low capacity binding partner

which has the same binding affinity for the compd@s the one in the central compart-
ment. The population pharmacokinetic/pharmacodynamiodel was based on the
assumption that the high affinity, low capacity dimg partner in the population pharma-
cokinetic model reflects DPP-4. In line with thissamption, the individual estimates for
the concentration of binding partner in the cent@npartment correlated well with the
pre-dose DPP-4 activity raw data (Figure 3-5).

Individually estimated concentration
of central binding partner [nM]
[6))

2 T T T T T T T T
6000 8000 10000 12000 14000 16000 18000 20000 22000 24000

Pre-dose DPP-4 activity [RFU]

Figure 3-5 Individually estimated concentrations of the central binding partner (most likely DPP-4)
versus pre-dose DPP-4 activity in RFU
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Plasma DPP-4 activity was incorporated into the ehanl a semi-mechanistic way using
Clark's receptor occupancy theory, which states dnag effect is proportional to occu-
pancy. The more linagliptin is bound to DPP-4, kbwer is the DPP-4 activity until all

DPP-4 molecules are blocked by linagliptin andrtteximal effect is reached.

The parameter estimates of the final populationrmphaokinetic/pharmacodynamic model
are presented in Table 3-4. The apparent clearasti@mated by the model refers to the
CL/F of unbound linagliptin. This clearance is ipdadent of dose within the investigated
dose range. CL/F was estimated to be high (220ibhitating that linagliptin not bound
to DPP-4 is efficiently eliminated. Likewise, thegparent volumes of distribution
calculated by the model refer to unbound linagtipiihese values were estimated to be
570 L for the central volume of distribution andd2) L for the peripheral volume of
distribution, showing that unbound linagliptin isillswidely distributed. Bhaxc was
estimated to be 4.62 nM which is within the ranggeeted for the plasma DPP-4
concentration (79,80). The model-estimated dissiociaconstant for the concentration-
dependent binding was 0.0738 nM and is thus in gagretement with the dissociation
constant obtainedn vitro from plasma samples employing equilibrium dialygi&;:
0.05 nM, as calculated by K= 1/K;) (162). In line with the observed linagliptin
concentration-time profiles (Appendix, Figure 3)Joaver bioavailability was found for
study | during the covariate analysis. This wasoanted for by estimating a separate

bioavailability in each study.

Interindividual variability could be establishedr fthe parameters bioavailability (F),
absorption rate constant {Kand Bnaxc and intraindividual variability could be estimate
for F. The inter- and intraindividual variabilityamged between 18.9% and 60.8%
(Table 3-4). The residual variability of the logutisformed linagliptin concentrations was
modelled using an additive random effect model esponding approximately to a
proportional model for untransformed data. It wasneated to be low (16.0%, Table 3-4).
The residual variability for the DPP-4 activity wadequately described by a proportional

random effect model and was also estimated towd13.4%, Table 3-4).
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Table 3-4 Parameter estimates of the base pharmacokinetic and pharmacoki-

netic/pharmacodynamic model and the final model

PK Base Model PK/PD Base Model PK/PD Final Model

Unit Estimate RSE [%] Estimate RSE [%] Estimate RSE [%)]
Typical Parameter
F study /11 % 100 fixed NA 100 fixed NA 69.8/100 fixed 7.28/NA
Ka h* 0.845 13.0 0.631 8.59 0.633 8.29
Vc/F L 776 12.2 648 7.48 570 10.4
Qp/F L/h 412 16.2 508 12.9 446 12.3
Vp/F L 1,650 10.6 2,390 8.33 2,090 8.09
CL/F L/h 289 11.9 251 6.53 220 7.36
Bmax.c nM 4.85 5.15 4.62 2.27 4.62 2.29
Kd nM 0.0652 9.88 0.0738 7.06 0.0738 7.80
Amax.p/F nmol 1,650 12.7 2,170 12.9 1,900 11.2
Emax % NA NA 93.5 0.24 93.5 0.24

Inter- and intraindividual variability

wF study I/11 CV% 32.7 221 37.3 21.2 NA/37.3 NA/23.1
wKa CV% 57.6 16.9 60.7 131 60.8 13.0
WBmax,c CV% 20.2 18.9 18.8 14.7 18.9 14.7
F study /I CV% 34.6 26.5 30.2 19.0 34.1/33.0 16.1/23.7

Residual variability

oprop,PKl) % 141 3.66 16.0 3.89 16.0 3.89

Oprop,PD % NA NA 17.3 7.91 17.4 7.88

Y Estimated on log-transformed data

NA, not applicable

The parameters of the final model were estimatati good precision (relative standard
errors ranging from 0.24-23.7% for the final modsl, Table 3-4). The goodness-of-fit
plots in Appendix, Figure 6 and Figure 7 indicateattthe population pharmacoki-
netic/pharmacodynamic model described the linagliptasma concentrations and plasma

DPP-4 activity adequately, except for an under-gtemh of a few G,ax values.
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3.1.3 Model evaluation

For the evaluation of the final population pharniacetic/pharmacodynamic model, a
visual predictive check was performed. Generalgréhwas a good agreement between the
simulated and the observed linagliptin plasma cotnadons and DPP-4 activities
(Appendix, Figures 8 and 9). The model slightly mestimated the variability of DPP-4
activity and the inhibitory effect in the 1 mg dageup.

3.1.4 Simulation

Typical concentration-time profiles for a daily aidistration of 5 mg linagliptin, which is
the therapeutic dose tested in the clinical phAggdgramme, were simulated. According
to these simulations the total A& is composed to the greater part (~70%) of linaiglip
bound to DPP-4, while only the smaller fractiom bound to DPP-4 (Figure 3-6, left
panel). This results in a target-mediated drugalgn that has to be taken into account
in the interpretation of the linagliptin pharmaawmdiics. Simulations showed that the
steady-state occupancy is >90% over 24 h for bo¢h5tmg and the 10 mg dose group
(Figure 3-6, right panel).

12
1.0 4
S 10
£
£'c 0.8
29 8- -
gg e
= < 0.6
= o 6 o
© O =
g5 8
RENEs) O 04 -
O g 41
E £ 1 mg linagliptin
8 5 02 | 2.5 mg linagliptin
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Figure 3-6 Left panel: Predicted linagliptin plasma concentration-time profiles for bound (dotted
line) and total (solid line) linagliptin following a once daily 5 mg linagliptin administration. Right
panel: Predicted time profile of the occupancy of plasma DPP-4 with linagliptin for the four
investigated dose groups, 1, 2.5, 5 and 10 mg linagliptin, following a once daily linagliptin admini-

stration.
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3.2 Project 2: Clinical trial simulations to support the

development of linagliptin

3.21  Project 2a: Simulation to evaluate an equivalent dose for a twice-

daily administration

The objective of this project was to determine dpémal dose for a twice-daily admini-
stration of linagliptin that is bioequivalent witbgard to steady-state exposure (A9

and shows similar steady-state DPP-4 inhibitioa &g dose given once daily.

The simulation using the base pharmacokinetic/phaadynamic model of Project 1
indicated that despite the nonlinear pharmacoldagtadministering 2.5 mg linagliptin
twice daily can be expected to result in a veryilsimexposure and DPP-4 inhibition
compared to 5 mg linagliptin once daily (Figure)3The corresponding AU ssvalues
were 147.1 nM-h for the 5 mg linagliptin once d4) regimen and 116.4, 128.2, 138.4,
and 148.0 nM-h for 1, 1.5, 2, and 2.5 mg linagtiptvice daily (bid), respectively.

100

5mg qd

1 mg bid

1.5 mg bid
ffffff 2 mg bid
2.5 mg bid

90 1

Predicted plasma DPP-4 activity [%)]

0 T
168 180 192 168 180 192

Time [h] Time [h]

Predicted linagliptin plasma concentration [nM]

Figure 3-7 Predicted typical plasma concentration- (left panel) and plasma DPP-4 activity- (right
panel) time profiles at steady-state of 1, 1.5, 2, and 2.5 mg linagliptin given twice daily (grey lines)

in comparison to 5 mg linagliptin given once daily (black line).

In addition, a clinical trial simulation was penfioed in order to predict the outcome of a
relative bioavailability study testing 5 mg linggin once daily (treatment A) versus
2.5 mg twice daily (treatment B). Table 3-5 liste tmean of 1,000 simulated geometric
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mean (+ gCV) AUGy, ssvalues per sequence and treatment. Accordingetadbults of
the simulation, the exposures at steady-stateréatrhents A and B are expected to be
independent of the tested treatments. In additiongbvious sequence effect was visible,

indicating that a seven day period in the changa-design would be sufficiently long.

Table 3-5 Mean of the geometric mean (+gCV) AUC,4,ss Values per sequence and treatment of

1,000 simulated relative bioavailability studies testing 5 mg linagliptin once daily versus 2.5 mg

twice daily.
Treatment A Treatment B
(5 mg linagliptin once daily) (2.5 mg linagliptin twice daily)
Mean gMean [nM-h] Mean gCV [%] Mean gMean [nM-h] Mean gCV [%]
Sequence AB 149.97 21.02 151.08 21.03
Sequence BA 149.81 20.71 150.43 20.70

The mean of the gMean ratios between the MJEsof treatment A and treatment B was
100.90% (90% confidence interval 91.90%-110.80%jHe 1,000 simulated trials. Of the

1,000 simulated trials only one confidence intemwvak outside the acceptance interval of
0.80-1.25. These simulations clearly supportedutdee of 2.5 mg linagliptin as adequate

dose of a twice-daily treatment.

3.2.2  Project 2b: Simulation to evaluate the impact of impaired

clearance

The objective of Project 2b was to investigateithpact of an impaired renal clearance on

the nonlinear pharmacokinetics of linagliptin.

The typical linagliptin plasma concentration- ankhspna DPP-4 activity-time profiles
following 5 mg linagliptin once daily were simuldteunder the assumption that the
clearance of unbound linagliptin is as originaltimated in Project 1 or decreased by
25% and 50% (Figure 3-8). The simulation revealest for patients with only 75% or
50% of the clearance of a typical patient, the syp®e of linagliptin would in average
increase by 11% or 31%, respectively. The incredisegliptin exposure is predicted to
result in a slightly higher DPP-4 inhibition (Figu8-8, right panel).
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Figure 3-8 Prediction of the typical linagliptin plasma concentration- and plasma DPP-4 activity-
time profiles following 5 mg linagliptin once daily under the assumption that the clearance of

unbound linagliptin is as originally estimated in Project 1 or decreased by 25 and 50%.

3.2.3  Project 2c: Simulation of a design for a dose-proportionality

study

The objective in Project 2c was to determine tleattnent duration required for a change-
over study to assess dose-proportionality of diffierdose strengths of linagliptin tablets

(1, 2.5, and 5 mg) at steady-state.

The simulations based on the final model of Projecsuggested that steady-state is
achieved by day 5 in all investigated dose groupsvery tested scenario (Figure 3-9).
Steady-state was reached first in the highest gomg (5 mg) and the time to steady-state
increased with decreasing doses. Within the siradlatmg dose group, steady-state was
reached latest when linagliptin is administerethim first period. For this treatment group,
the time to reach steady-state was predicted tppeoximately five days. Thus, adminis-
tering linagliptin over seven days is predictecasure steady-state in each sequence. In
summary, the simulation suggested that the propcsedomised change-over design in
which 1, 2.5, and 5 mg linagliptin are administeosde daily over seven days is adequate

to compare the steady-state profiles of the ingastid dose groups.
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Figure 3-9 Typical profiles of the six possible scenarios for a randomised change-over design

where 1, 2.5, and 5 mg linagliptin are given once daily for seven days in each sequence.

3.2.4  Project 2d: Description and steady-state simulation of the drug-

drug interaction between linagliptin and ritonavir

The objective of Project 2d was to predict the dyestate profile of linagliptin under

ritonavir comedication.

The dataset consisted of linagliptin plasma comeéinns from twelve healthy volunteers
with a mean age of 37.1 years (range: 25-50 yemard)a mean body mass index of
25.4 kg/nf (range: 21.8-29.5 kgfn The volunteers received a single dose of 5mg
linagliptin alone and in combination with ritonawir a cross-over design. Both treatment
arms included 192 plasma concentration measurepmrestsectively. The plasma concen-
tration-time profiles of linagliptin were elevatedhen linagliptin was given in comedica-

tion with ritonavir (Figure 3-10).
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Figure 3-10 Plasma concentration-time profiles of linagliptin after a single dose of 5 mg linagliptin

alone (left panel) and in combination with ritonavir (right panel)

3241 Modd development

The model development was performed in a stepwisener. Firstly, the model parame-
ters of the base model developed in Project 1§dd!3) were re-estimated to describe the
plasma concentrations of linagliptin monotheramfgrence treatment). The thus adapted
model (called M4) was then adjusted to describeplasma concentrations when lina-

gliptin was given in combination with ritonavir gtetreatment).

Model adaptation for the linagliptin reference treatment. Based on the approach
outlined in section 2.5.2.4.3, re-estimating theapeeters dissociation constattOBJF
—-18.844), lag timeAOBJF -16.231), and apparent central volume ofildigion (AOBJF
—21.785) significantly improved the descriptiontleé plasma concentrations following the
administration of linagliptin reference treatmeatrpared to model M3. The parameters of
the thus adapted model M4 in comparison to M3 aesgnted in Table 3-6. Figure 3-11
illustrates the influence of the parameter adamtatin the description of the linagliptin
plasma concentration-time profiles.
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Figure 3-11 Description of the reference treatment of Project 2b using model M3 (previously
developed model in Project 1) and the adapted model M4. Straight and dashed lines are the typical
profile for model M3 and M4, respectively. The observed plasma concentrations of the reference
treatment are presented as open circles.

Model adaptation for the linagliptin test treatment. Re-estimating the parameters
relative bioavailability AOBJF -635.374) and lag tim&Q@BJF -55.133) of model M4
resulted in a significantly improved descriptiontlbé plasma concentrations following the
administration of the test treatment. A furtherréase in the OBJF of more than 3.84 was
estimated for Baxc (AOBJF —-9.027), K (AOBJF -7.672), CLAOBJF —-7.155) and #ux p
(AOBJF -4.497). Based only on the OBJF the best madeld have been the one with an
elevated Baxc when linagliptin was coadministered with ritonavidowever, under
ritonavir comedication nearly no metabolite forroatwas observed. Thus, a decrease in
the linagliptin clearance was considered more yikkhn an increase in,B«c No further
decrease in the OBJF of more than 3.84 points e@&shed when either a separate,i

Kg, Or AmaxpWas estimated in addition to a separate lag thregvailability, and clear-
ance, when linagliptin was coadministered withrréeir. The parameter estimates of the
so adjusted pharmacokinetic model (called M5) aesgnted in Table 3-6. The influence
of the parameter adaptation on the descriptiorheflinagliptin plasma concentrations of

the test treatment is presented in Figure 3-12.
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Figure 3-12 Description of the linagliptin plasma concentrations when linagliptin was given
together with ritonavir using model M4 (adapted to describe the control group in Project 2b) and
model M5 (adapted to describe the treatment group linagliptin plus ritonavir). Straight and dashed
lines are the typical profiles for models M4 and M5, respectively. The observed plasma concentra-

tions of the test treatment are presented as open circles.

Testing for interindividual variability in the model parameters. Interindividual

variability in F, K5, Bmaxc and intercompartmental clearance between cemuhlpariph-

eral compartment (& improved the description of the individual plasamacentrations of
both treatment arms (Table 3-6).

3.24.2 Final modd

The population pharmacokinetic model of linagliptieveloped for Project 2d is based on
the previous model M3 (Project 1). To describe riference treatment adequately, a lag
time (0.202 h), a lower apparent central volumedwtribution (542 L) and a higher
affinity constant (0.106 nM) were estimated. Thsuigng change in the typical plasma
concentration-time profile between M3 and M4 wadyosmall. The elevated plasma
concentration-time profiles under ritonavir werestodescribed by estimating a ~4-fold
elevated bioavailability, a slightly shorter lagné (0.143 h) and a decrease in the clearance
of ~16%. Interindividual variability, implementedh ¢, K, Bmaxc and Q/F, was small to
moderate (15.6-44.6%). The residual variabilitysalded by a combined (additive and
proportional) residual variability model, was maater (additive residual variability

0.330 nM, proportional residual variability 21.7%)he parameter estimates of the final
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model are presented in Table 3-6. The goodness-qidts in Appendix, Figure 10
suggest an adequate description of the linagligaisma concentrations of both treatments.

Table 3-6 Parameter estimates of the structural models M3, M4, and M5 as well as the interindi-

vidual variability of the population parameters of the structural model M5

Original Model M3 Adapted Model M4 Adapted Model M5 Interindividual

variability of M5

Unit Estimate RSE [%] Estimate RSE[%] Estimate RSE[%] Estimate RSE [%]
Typical Parameter
F % 100 fix NA 100 fix NA 100 fix NA 100/394"Y NA
13947 /11.8" fix
Ka h* 0.845 fix NA 0.845 fix NA 0.845 fix NA 0.845 fix NA
ALAG h NA NA 0.202 5.94 0.202 fix NA 0.202/ NA
/0.143Y 243"  0.143Y
fix
Vc/F L 776 fix NA 542 17.6 542 fix NA 542 fix NA
Qr/F L/h 412 fix NA 412 fix NA 412 fix NA 412 fix NA
Vp/F L 1650 fix NA 1650 fix NA 1650 fix NA 1650 fix NA
CL/F L/h 289 fix NA 289 fix NA 289 fix NA 289/243"Y NA
1243 /10.97 fix
Bmax.c nM 4.85 fix NA 4.85 fix NA 4.85 fix NA 4.85 fix NA
Kd nM 0.0652 fix NA 0.106 23.3 0.106 fix NA 0.106 fix NA
Anmaxp/F nmol 1,650 fix NA 1,650 fix NA 1,650 fix NA 1,650 fix NA
Interindividual Variability
wF CV% NA NA NA NA NA NA 43.2 39.7
wKa CV% NA NA NA NA NA NA 42.8 26.2
wQp CV% NA NA NA NA NA NA 44.6 47.6
WBmaxc  CV% NA NA NA NA NA NA 15.6 47.3
Residual Variability
Oprop? % 39.5 50.3 36.6 32.7 37.1 22.8 21.7 17.9
Oadd”) nM 0.590 151.7 0.466 28.7 0.428 44.2 0.330 30.5

1)

2)

NA, not applicable

Estimated on log-transformed data

First value for linagliptin alone, second value for linagliptin in comedication with ritonavir
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3.24.3 Modd evaluation

The model was evaluated using visual and posteridictive checks. The visual predic-
tive check displayed an adequate description ottimeentration-time profiles by the final
model for both treatments (Appendix, Figure 11)e Posterior predictive check displayed
an adequate description of the AfJg and G values for both treatments by the final
model with a tendency to slightly overestimate @gx values (Appendix, Figures 12 and
13).

3.244 Simulation

Using the final population pharmacokinetic modelRybject 2d, the impact of ritonavir
comedication on the steady-state exposure of lpiaglwas simulated. First, the typical
concentration-time profiles for 5 mg linagliptinrathistered once daily either alone or in
combination with ritonavir were simulated using MEsed on the simulated§egn levels,
steady-state was reached after ~2 days for bo#tments (Figure 3-13). Ritonavir
comedication increased the exposure of linagliptih had no effect on the accumulation
ratio of linagliptin. Irrespective of ritonavir cadication, a merely small increase in the
predicted exposure for linagliptin treatment aftgrgle dose compared to steady-state was
predicted (Figure 3-13).

No ritonavir comedication Ritonavir comedication
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Predicted linagliptin plasma concentration [nM]

Figure 3-13 Predicted linagliptin plasma concentration-time profiles using the final population
pharmacokinetic model of Project 2d for treatment with 5 mg linagliptin administered once daily
alone or in combination with ritonavir over seven days. A dense sampling scheme was assumed at

day 1 and day 7; at days 2—6, only Cyqugn levels were simulated.
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Second, the final population pharmacokinetic maodeluding variability was used to
simulate 1,000 AUGCss and Gax values after single dose and at steady-state {§dgr
both treatments. The corresponding gMeans and gZ&'shown in Table 3-7. Based on
the AUC, accumulation ratios of 1.20 and 1.13 waelicted by the model for linagliptin
administered without and with ritonavir, respedtve

Table 3-7 gMean and gCV of 1,000 predicted AUCt and C,,.« values for the treatment of linagliptin

with and without ritonavir comedication after the first dose and at steady-state

Linagliptin without ritonavir Linagliptin with ritonavir
First dose (gCV%) Steady-state First dose (gCV%) Steady-state
(9CV%) (9CV%)
gMean AUC, [nM-h] 118 (25) 142 (21) 259 (29) 293 (29)
gMean Cuax [NM] 10.3 (36) 12.7 (32) 31.7 (45) 35 (41)
3.3 Project 3: Covariate analysis

3.3.1  Project 3a: Pharmacokinetic covariate analysis

The objective of this project was to characteribe honlinear pharmacokinetics of
linagliptin in a larger patient population. The méocus was to investigate the impact of
weight, sex, and age on the pharmacokinetics afliptin. In addition, other covariates

that are of clinical relevance for the pharmacokaseof linagliptin were to be identified.

The dataset of Project 3a consisted of single cosk steady-state concentration-time
profiles of the two phase lla studies used for &bj as well as of two additional phase
lIb studies. 462 patients with type 2 diabetes wisrated with linagliptin, 302 males and
160 females. The mean age of the population wak ¥ars (56.1, 59.9, 58.1, and 60.2
years per study), ranging from 30—78 years. Thennfealy mass index was 31.0 kg/m
(29.0, 28.8, 31.2, and 31.9 kd/mer study) ranging from 20.4—42.2 kd/nDescriptive
statistics of baseline categorical and continuoosaates are shown in Appendix,
Tables 7 and 8. Only 0.43% of patients consumedhalcto an extent that it could
interfere with the trial. Also, less than 10% ofipats belonged to study I. More than 90%
of the patients were Caucasians. Thus, ethnicroagd influence of alcohol consumption
were only graphically explored. The ranges of ahttmuous covariates were relatively

wide and thus a robust assessment of their infrievas possible. Descriptive statistics of
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time-dependent covariates were calculated at Imeesald in case of the phase Ilb studies
also for each visit separately (data not shown)aseline and at all visits under treatment
the descriptive statistics were comparable, inthgathat treatment with linagliptin did not

significantly influence these covariates. Bivariatatter plots were prepared to investigate
correlations between covariates (Appendix, Figurésand 15). No unexpected correla-

tions between covariates were observed.

In total, the dataset of Project3a consisted 080B, linagliptin concentration
measurements. For unknown reasons, the phasaitigstincluded nine patients with pre-
dose linagliptin measurements. These measuremeata plausible and cannot be
handled by NONMEM. Therefore, they were removeadnfitbis analysis. The distributions
of the number of patients and of linaglitin plascoacentrations per dose group are shown
in Appendix, Table 9. The distribution of obsereas and patients per dose group was
unbalanced; ~30% of observations and subjects wdhee 5 mg treatment group, whereas
the 0.5 mg treatment group included merely ~10%llgubjects and observations.

The distribution of linaglitptin plasma concentaats by time after dose per study is shown
separately for each dose group in the Appendixyreig.6. In general, the plasma concen-
tration-time profiles of the phase llb studies skdwhigher variability compared to the
phase lla studies. In addition, the linagliptingolea concentrations were apparently higher
for study IV.

3.3.1.1 Mode development

3.3.1.1.1 Base model

First, it was tested whether the population phaok&etic base model previously
developed in Project 1 (called M6 from here onwaal)ld describe the linagliptin plasma
concentrations collected during the phase Ilb stwbgre linagliptin was given as mono-
therapy (study ). All parameters were fixed t@GMnd individual Bayesian estimates for
study Il were obtained. The standard goodnesstobibts (based on the Bayesian
estimates) showed that the linagliptin concentretiof study Il could be adequately
described by M6 (Appendix, Figure 17). The Bayesatimates were equally distributed
around their typical parameters for F ang.B, whereas the mean of the individual K
values was lower compared to the previously detezthiypical parameter for,{Appen-

dix, Figure 19, upper panels). In a next stepntioelel parameters were estimated based on

all three studies together. Due to the sparse fdata phase b, not all model parameters
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could be estimated. Therefore, only the typicahpaaters for which variability was found

in M6 (except F which was already fixed to 1 in M#re estimated. In addition, clearance
was estimated as an interesting parameter for akariate analysis. Hence, the typical
parameters for K Bmaxc CL, and the inter- and intraindividual variabdg as imple-
mented in M61§ in F, Ky, Bnaxc andx in F) were estimated. The parameter estimates for
CL and Bnaxcwere very similar to those in M6 (CL: 287 L/h 289 L/h, Bnaxc 4.77 nM

vs. 4.85 nM), whereasvas estimated to be slightly lower (0.698\s. 0.845 H).

In a second step, it was tested whether M6 cowdd describe the linagliptin plasma
concentrations of study IV in which linagliptin wassen as add-on to metformin. In an
exploratory comparison of the pharmacokinetic pesfia higher exposure was observed
for study IV (Appendix, Figure 16). This observatizwas confirmed when the Bayesian
estimates of M6 were investigated for this studyre Tstandard goodness-of-fit plots
showed that the linagliptin concentrations were enadtimated and could thus not be
adequately described by M6 (Appendix, Figure 18 Tinderprediction by the model was
also obvious when investigating the distributiontioé Bayesian estimates of study IV
around the previously estimated typical parametesides a lower mean of,lds already
observed for study Ill, higher Bayesian estimatesH and B,.x c were obtained compared
to the typical parameters of the previous studiesd Il (Appendix, Figure 19, lower

panels).

When permitting a separate clearance for studytiig clearance was estimated to be
lower than for the other three studies (210 L/h parad to 290 L/h). In addition there was
a clear trend towards a higher individual relatbieavailability (high ETABAR-value,
indicating that the arithmetic mean gtestimates (i.e. ETABAR) is not zero). When
estimating a separate F for study IV, the relatbveavailability was estimated to be
increased by 51% in study IV. Thedistributions of all parameters as well as thedgoo
ness-of-fit plots were adequate. The model assumisgparate relative bioavailability for
study IV decreased the OBJF by 32.546 points muea the model assuming a separate
apparent clearance for study IV. Thus, the higk@osure in study IV was accounted for
by estimating a separate bioavailability for thisdy. During the covariate analysis it was
further investigated whether another parameterneasled to be adapted for study IV.

When phase lla and phase llIb studies were anatgggdher, higher interindividual (e.qg.
oK, increased from 58% to 87%) and intraindividualiafaitities (tF increased from 33%

to 55%) as well as higher random residual varigh{26.9% compared to 14.1% in M6)
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were estimated compared to M6. As the plasma coratems of the phase llb studies
suggested a higher residual variability than thotehe phase lla studies (Appendix,
Figure 16), a separate residual variability depahdea the type of studies was estimated.
A drop in the OBJF by 2256.997 points supported tlgcision. Interindividual variability
in CL, V¢, and volume of distribution of the peripheral carment (\4) was investigated

in addition to the variability already implementedV6 (i.e.n in F, K;, Bmnaxc andxk in F).
Adding variability on CL and ¥ led to a significant decrease in the OBJF and was
therefore kept in the model. Diagonal elements h&f variance-covariance matrix of
interindividual random effect€X-matrix) were estimated first. Based on graphiceallygsis

a correlation between the individual F and CL wasnfl. Thus covariance between both
parameter was included in the model. The paranmetgmates of the base model are

presented in the Appendix, Table 10.

3.3.1.1.2 Covariate selection

In the next step a covariate analysis was condu€tad ton-shrinkage (27% F, 35% CL,
22% Ky, 24% Bnaxc 58% \t) the results of the explorative and GAM analysesded to
be regarded with caution as both methods are baisetie Bayesiam-estimates (158).
Appendix, Table 11 presents the covariates presteeldoy exploratory analysis and GAM
analysis, the covariates pre-defined to be test&lONMEM as well as the covariates that
remained in the model after the forward inclusiow dackward elimination procedure
performed separately per model parameter. The Jagethe remaining covariates (weight
on relative bioavailability, formulation and doseogp on rate of absorption, gamma-
glutamyl transferase on unbound clearance, weightemtral volume of distribution, as
well as pre-dose DPP-4 activity, dose, age, ancbsethe concentration of central binding
partner) were tested together in one run. Agaibaekward elimination was performed
where the covariates were individually eliminatedni the model. The OBJF increased
less than 10.8 points for weight on volumO8JF +0.135), gamma-glutamyl transferase
on clearanceAOBJF +2.284) and sex ongB,.c (AOBJF +8.695). In addition, for these
three covariates the typical parameter describlmg d¢ovariate-parameter relationship
decreased. In the case of weight on volume, thas even a switch from a positive to a
negative correlation, indicating that the effectwaight on volume was no longer mean-

ingful. For all other covariates, the typical pasters describing the covariate effect stayed
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within the range of the previously estimated valuben the covariates were tested

individually per parameter.

Based on these results, weight on the apparentaterdlume of distribution was not
included in the final model, because weight wasaaly implemented on the bioavailabil-
ity and was therefore not required orx.\During the backward elimination process,
gamma-glutamyl transferase on clearance and seR.@¢c did not reach a statistically
significant effect. Nevertheless, they were kepthie model as the corresponding runs did

not converge properly and could therefore not besictered as final models.

3.3.1.2 Final modd

The linagliptin plasma concentrations of both phHaeand both phase Ilb studies were
adequately described by a model that takes thengmaf linagliptin to its target DPP-4

into account. To describe the pharmacokinetic fefof study IV (add-on to metformin

study) adequately, a separate, significantly etVaelative bioavailability was estimated
for this study. During the covariate analysis tbkofving covariates were also found to be
statistically significant: F decreased with inciegsweight; the formulation and the dose
group showed a statistically significant influerme the rate of absorption; the unbound
clearance was slightly decreased in case of inedegamma-glutamyl transferase; the
model-calculated concentration of the central migdpartner was influenced by the pre-

dose DPP-4 activity, dose, age, and sex.

Compared to the base model, the variability in fiearameters only decreased fox K
(76.4% compared to 87.6%) ang.Bc (15.0% compared to 29.6%) and was in the same
range for F, clearance andcVshowing that only a small part of the interindival
variability can be explained by these covariatesfifialise the model building process, the
necessity to account for intraindividual varialgiland covariance was re-evaluated. Since
the intraindividual variability did not decreaseagle model 39.2%, final model 40.0%) and
since the correlation between F and CL did notesse (base model —0.704, final model
—-0.765) it was concluded that the necessity to @actor the intraindividual variability
and variance-covariance still existed. The parameggmates of the final model are given
in Table 3-8. The standard goodness-of-fit plotspldly an adequate description of the

plasma concentrations (Appendix, Figure 20).
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Table 3-8 Parameter estimates of the final population pharmacokinetic model of Project 3a

Unit Estimate Description
Typical Parameter
F % 100 fix Typical relative bioavailability
Fstudy v % 169 Typical relative bioavailability in study IV (metformin comedica-

tion) relative to F

weight_Fl) % -0.00958 % change in F per kg change from the median weight of the
population

Kapis h* 0.933 Typical absorption rate constant for the powder in bottle
formulation

KaT1 h* 0.795 Typical absorption rate constant for the tablet 1 formulation

KaT2 h* 0.441 Typical absorption rate constant for the tablet 2 formulation

Dose_Ka 2 % -0.0651 % change in K, per dose unit change from the 5 mg dose group

VclF L 715 Typical central volume of distribution

Qr/F L/h 412 fix Typical inter-compartmental clearance between central

compartment and peripheral compartment

Vp/F L 1,650 fix Typical volume of distribution of the peripheral compartment
CL/F [L/n] L/h 258 Typical clearance of the unbound concentration
GGT_CL3) % -0.0339 % change in CL/F per U/L change from the median gamma-

glutamyl transferase of the population

Bmax.c nM 497 Typical concentration of binding partner in the central compart-
ment (male)
DPP_ Bmaxc 4 % 0.00332 % change in Bmax,c per RFU change from the median pre-dose

DPP-4 activity of the population

dose_ Bmaxc 4 % 3.41 % change in Bmax,c per dose unit change from the 5 mg dose
group

age_ Bmaxc 4 % 0.561 % change in Bmax.c per year change from the median age of the
population

sex_ Bmaxc 4 nM 0.457 Absolute change in Bmax,c between males and females

Kg nM 0.0652 fix ~ Typical affinity constant of the saturable binding

Amaxp/F nmol 1,650 fix Typical amount of binding partner in the peripheral compartment




88 3 Results

Table 3-8 Parameter estimates of the final population pharmacokinetic model of Project 3a (cont.)

Unit Estimate Description

Inter-and intraindividual variability

wF CV% 47.4 Interindividual variability in the relative bioavailability
Corr F_CL -0.765 Correlation between wF and wCL
wCL CV% 27.5 Interindividual variability in the clearance of the unbound

concentration

wKa CV% 76.4 Interindividual variability in the absorption rate constant

wVe CV% 24.4 Interindividual variability in the central volume of distribution

WBmax.c CV% 15.0 Interindividual variability in the concentration of central binding
partner

mF CV% 40.0 Intraindividual variability in the absolute bioavailability

Residual variability

Oprop, phase lla % % 13.6 Residual variability phase lla

Oprop, phase Ilbs) % 38.3 Residual variability phase Ilb

Y Fio= F-(1+weight_F-(weight-88))-exp(nF+kF)

Kai = Ka'(1+dose_ Ky (dose-5))-exp(nKa)
®  CLi= CL-(1+GGT_CL-(GGT-33))-exp(nCL)

4 Bmax.ci = (Bmax,ctS€X_Bmax,c'S€X)'(1+DPP_Bmaxc'(DPP-12497))-(1+dose_Bmax.c'(dose-5))-
(1+age_ Bmax.c'(age-60))-exp(nNBmax.c)

2)

®  Estimated on log-transformed data

3.3.1.3 Modd evaluation

The visual predictive check displayed an adequaseription of the linagliptin concentra-
tions by the base model. In the Appendix, FigurgtB& description of the pharmacoki-

netic profiles at steady-state per dose group amtysrespectively, are shown.

The posterior predictive check showed an adequeseription of the Gugn and Ghax
levels by the final model. In the Appendix, Figu&%and 23, the simulated distributions
of the median Gugh and Guax levels at steady-state per dose group are sholemedian
Cirough @and Gnax levels per dose group are well described and iliginvthe 90% confidence
interval. The only exceptions were the,d{ values of the lowest (0.5 mg) and highest
(10 mg) dose groups, which were slightly out of 986 confidence interval.
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3.3.1.4 Simulation

The statistically significant covariates were ewadda for their influence on the pharma-

cokinetics of linagliptin. The impact of the diféart covariates on the AUgs after a once

daily administration of 5 mg linagliptin was <20%rfeach covariate individually

(Table 3-9). In comparison to the overall variahilin the plasma concentration-time
profiles the impact of weight, age and sex was wangll (Figure 3-14). In the two worst-
case scenarios, i.e. (a), an old (73 years), lowght€67 kg), female patient on metformin
medication with high gamma-glutamyl transferase8(U8L) and high pre-dose DPP-4
activity (18,623 RFU), or (b), a young (42 yealsgh-weight (117 kg), male patient with
low gamma-glutamyl transferase (9.4 U/L) and low-dose DPP-4 activity (8,025 RFU),

the exposure increased or decreased by only 636%r respectively.
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5 10 15 20

Time after dose [h]

0 5 10 15 20

Time after dose [h]

Figure 3-14 Impact of the covariates weight, age and sex on the linagliptin plasma concentration-

time profiles after administration of 5mg linagliptin once daily in comparison to the overall

variability (grey shaded area). The overall variability was determined as the 90% confidence

interval of 1,000 simulated concentration-time profiles based on the base population pharmacoki-

netic model of Project 3a.
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Table 3-9 Predicted covariate influence on AUC,ss after administration of 5 mg linagliptin once

daily
Model Covariate Category AUC, ss [nM-h] % difference
Parameter
F Study IV (metformin No 154.23 NA
comedication) Yes 184.81 +19.8
Weight 5™ percentile (67 kg) 163.38 +5.9
Mean (88 kg) 154.23 NA
95" percentile (117 kg) 140.9 -8.7
Ka Formulation 1 153.66 -0.4
2 153.75 -0.3
3 154.23 NA
Dose 0.5 153.99 -0.2
5 154.23 NA
10 154.67 +0.4
Bmax,c Pre-dose DPP-4 5" percentile (8025 RFU) 137.4 -10.9
activity Mean (12497 RFU) 154.23 NA
95" percentile (18623 RFU) 177.3 +15.0
Dose 0.5 136.8 -11.3
5 154.23 NA
10 173.6 +12.5
Age 50 percentile (42 years) 142.8 -7.4
Mean (60 years) 154.23 NA
95" percentile (73 years) 162.5 +5.4
Sex Male 154.23 NA
Female 164.65 +6.8
CL Gamma-glutamyl 5t percentile (9.4 U/L) 153.84 -0.25
transferase Mean (33 UIL) 154.23 NA
95™ percentile (158 UI/L) 156.38 +1.4

NA, not applicable
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3.3.2  Project 3b: Pharmacodynamic covariate analysis

The objectives of this analysis were to charaatetiee relationship between linagliptin
plasma concentration and the plasma DPP-4 actinitiype 2 diabetic patients and to

identify clinically relevant covariates impactirfgs correlation.

The database of Project 3b consisted of the faudiet used in Project 3a. 607 patients
with type 2 diabetes were included. The mean agéhefpopulation was 59.2 years,
ranging from 30-78 years, and the mean body matexiwas 31.0 kg/franging from
20.4-42.2 kg/h Descriptive statistics of categorical and contims covariates using
baseline values are shown in the Appendix, Taleant] 13. For the reasons described in
Project 3a, the influence of ethnic origin and aldoconsumption were only tested in an
explorative manner. The ranges for all continuomsadates were relatively wide and thus
a robust assessment of their influence was pos8blariate scatter plots were carried out
to investigate correlations between covariates ehplpx, Figures 24 and 25). No unex-

pected correlations between the covariates wererobd.

The dataset included 9,674 plasma DPP-4 activatieslinagliptin plasma concentrations,
respectively, from 607 type 2 diabetic patientse Tstribution of the number of patients
and the number of observations is given in the Adpe Table 14. The distribution was
unbalanced, as most patients were randomisedhergilacebo or 5 mg linagliptin. The
DPP-4 activity correlated well with the linaglipgolasma concentration (Figure 3-15).
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Figure 3-15 Correlation of linagliptin plasma concentration and plasma DPP-4 activity in studies I,

II, Ill, and IV. Placebo and pre-dose observations not shown due to logarithmic scale.
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3.3.21 Mode development

3.3.2.1.1 Base model

A simple E,ax model and a sigmoid J5x model were tested. The sigmoigk model
performed significantly betteAOBJF —6,399.422). Interindividual variability wassted
sequentially on all model parameters. It was fothvat interindividual variability in pre-
dose DPP-4 activity (BSL) and BLimproved the model fit. Both parameters showed
moderate interindividual variability with 21.6% BSL and 18.4% in E&. The individual
BSL and EGp values were correlated. It was assumed that thi®lation is physiologi-
cally plausible. The more DPP-4 molecules are alel the more linagliptin molecules
are needed to reduce 50% of the DPP-4 activityviBus analyses showed a good
correlation between baseline plasma DPP-4 actanty plasma DPP-4 concentration (data
not shown). Thus, pre-dose DPP-4 activity can lael @s a correlate for DPP-4 concentra-
tion. The higher the pre-dose DPP-4 activity, tighér is the DPP-4 concentration which
in consequence results in a highersiE@alue. Implementing this correlation like a
covariate effect of BSL on Egin the model was significantly better than estintata
correlation between BSL and Eflising the block optiorAOBJF —75.928). Furthermore,
it is advantageous that the covariates that imipecEG, value solely through their effect
on pre-dose DPP-4 activity need only be accountetthe pre-dose DPP-4 activity and not
on the EGo value. For these reasons, the pre-dose DPP-4tadtizs implemented on the

ECso value like a covariate effect:

EC,, = EC., {1+BSL_EC,, [{BSL, —11600) &XPfccso) (Equation 3-1)

In this equation E&; is the individual EG, parameter which depends on the typicakEC
parameter, the typical covariate effect parameteL EEG,, the difference between the
individual predicted baseline estimate (BSland the typical baseline value of
11,600 RFU, as well as the interindividual varipibf ECso N(ECso).

The residual variability was adequately describgdabproportional residual variability
model and was estimated to be 15.7%. The paramestanates of the base model are

presented in the Appendix, Table 15.

3.3.2.1.2 Covariate selection

The covariates selected in the different stepsefdovariate analysis are depicted in the

Appendix, Table 16. Even though some covariatesewWeund to be significant by the
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forward inclusion and backward elimination procedtirey were not kept in the model for
the following reasons:

There was a study difference in baseline DPP-4jiaicts well as in Eg. The baseline
DPP-4 activity was 10.3% lower in study Il. iQvas estimated to be 2.68 nM in study II,
2.85 nM in study I, and 3.12 nM in studies Ill ail These interstudy differences could
not be explained by any of the tested covariated,veere not regarded to be relevant and

thus were not included into the final model.

Alanine transaminase and aspartate transaminabesiguiificantly contributed to a better
description of the linagliptin plasma concentraiomhen implemented on the baseline
DPP-4 activity. However, as both liver enzymes waghly correlated (Appendix, Figure
25), and the covariate effect of aspartate transasei was estimated only imprecisely

(RSE 69.1%), only alanine transaminase was inclugtedthe final model.

Asian ethnicity was not kept in the final modelaasovariate on baseline DPP-4 activity
because of the small sample size (eleven patiegmesenting less than 2% of the
population). However, for these few patients a ificantly higher baseline DPP-4 activity
of 13,200 RFU was estimated compared to 10,600 RFltthe residual population. It
should be further evaluated whether Asian patibat® higher baseline DPP-4 activities.

3.3.2.2 Final modd

The correlation between linagliptin plasma concaidans and plasma DPP-4 activity was
best described by a sigmoig,& model. The correlation between the individualsiénd
BSL values was taken into account by assuming arcae effect of the individual BSL
values on EG. The final model included a covariate effect omgaa-glutamyl trans-
ferase, alanine transaminase, fasting plasma glutoglycerides, cholesterol and sex on
the baseline DPP-4 activity as well as an additi@fiect of triglycerides on the &g
parameter. The influence of gamma-glutamyl traasieon baseline was implemented as a
hockey-stick function: baseline increased lineavijth gamma-glutamyl transferase
concentration until a breakpoint of 175 U/L gamnhatagmyl transferase was reached.
Beyond the breakpoint, the baseline was constahielvated by 21.3% compared to the
typical baseline DPP-4 activity. The breakpoint whssen by log-likelihood profiling.

Interindividual variability was reduced comparedtiie base model (16.9% versus 21.6%
for BSL and 15.4% versus 18.4% for £&)C In addition, a smaller residual variability was

estimated compared to the base model (14.8% veSu®6 in the base model). The
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parameter estimates of the final model are giverTable 3-10. All parameters were
estimated precisely. As demonstrated by the standaodness-of-fit plots (Appendix,
Figure 26), the model described the DPP-4 actw/iidequately, except for two extreme

DPP-4 activity data points of one patient whichldawot be properly described.

Table 3-10 Parameter estimates of the final population pharmacokinetic/pharmacodynamic model

of Project 3b

Unit Estimate RSE [%)] Description
Typical Parameters
BSL mate RFU 10,700 1.08 Typical baseline DPP-4 activity for males
BSL temale” RFU 11,565 20.5 Typical baseline DPP-4 activity for females
Emax % 92.4 0.12 Typical maximum decrease in DPP-4 activity
ECso nM 3.06 1.56 Typical linagliptin concentration that leads to 50% of

maximum decrease in DPP-4 activity
Hill 3.22 1.82 Typical hill coefficient

BSL_EC503 % 0.00792 7.98 % change in ECsp per RFU change from the median
baseline DPP-4 activity of the population

GGT_BSL2 % 0.153 20.39 % change in pre-dose DPP-4 activity per U/L change
from the median baseline gamma-glutamyl transferase

of the population until 175 U/L

GGT_BSL2 % 21.3 18.5 % change in pre-dose DPP-4 activity if gamma-
glutamyl transferase > 175 U/L

ALT_BSL2 % 0.175 18.5 % change in pre-dose DPP-4 activity per U/L change
from the median baseline alanine transaminase of the
population

FPG_BSL2 % 1.46 12.3 % change in pre-dose DPP-4 activity per mM change

from the median baseline fasting plasma glucose of

the population

TRIG_BSL2 % 0.0294 13.9 % change in pre-dose DPP-4 activity per mg/dL
change from the median baseline triglycerides of the

population

CHOL_BSL2 % 0.0261 43.7 % change in pre-dose DPP-4 activity per mg/dL
change from the median baseline cholesterol of the

population

TRIG_EC503 % -0.0153 131 % change in ECso per mg/dL change from the median
baseline triglycerides of the population
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Table 3-10 Parameter estimates of the final population pharmacokinetic/pharmacodynamic model
of Project 3b (cont.)

Unit Estimate RSE [%)] Description

Interindividual variability

wBSL CV% 16.9 7.61 Interindividual variability in the baseline DPP-4 activity

WECso CV% 15.4 15.8 Interindividual variability in the ECsg

Residual variability

Oprop % 14.8 6.64 Residual variability

D Estimated as BSLmae+865 RFU

2 BSLi=BSL-(1+GGT_BSL-(GGT-32.3))-(1+ALT_BSL-(ALT-28.8))-(1+FPG_BSL:(FPG-8.90))-
(1+TRIG_BSL-(TRIG-160))-(1+CHOL-(CHOL-183))-exp(nBSL)
if GGT>175: BSL; = BSL-(1+GGT_BSL2))-(1+ALT_BSL-(ALT-28.8))-(1+FPG_BSL-(FPG-8.90)):
(1+TRIG_BSL-(TRIG-160))-(1+CHOL-(CHOL-183))-exp(nBSL)

% ECso = ECso(1+BSL_ ECso(BSLi-11600))-(1+TRIG_ ECso(TRIG-160))-exp(nECso)

3.3.2.3 Simulation

The statistically significant covariates were ewasdd for their influence on the EBf: as
well as on the concentration leading to 80% DPRHibition (EGoy)>. The individual
impact of the different continuous covariates othlqgarameters was <20% (Table 3-11).
Regarding the categorical covariate sex, femaled gher EGy and EGoy values
compared to males (3.05 nM versus 2.84 nM, and BM4ersus 5.07 nM, respectively).
Even the two worst-case scenarios, i.e. (a), h@mrga-glutamyl transferase (139 U/L),
high alanine transaminase (64.7 U/L), high fastipigsma glucose (13 mM), high
triglycerides (439 mg/dL), high cholesterol (278/dig, and female, or (b), low gamma-
glutamyl transferase (10.9 U/L), low alanine transese (9.6 U/L), low fasting plasma
glucose (5.9 mM), low triglycerides (59.8 mg/dLgwl cholesterol (100 mg/dL), and male,
led to a minimum E¢ value of 2.49 nM and to a maximum #£Gralue of 4.14 nM

(ECs00s Mminimum 4.44 nM and maximum 7.38 nM), respectivel

2 80% DPP-4 inhibition was shown to be maximalligetive for glucose lowering. Therefore, the liriptih
concentration resulting in 80% DPP-4 inhibitiorofsinterest. EGyyis not the same as k& the concen-
tration leading to 80% of the maximum effect, as tiaximum effect is 92,4% and not 100%.
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Table 3-11 Impact of the statistically significant covariates on the ECsq and the ECgq, for continu-

ous covariates using the 5" and 95" percentiles of the covariate distribution

Extreme Impact of extreme Differ- Impact of extreme Differ-
covariate value covariate value on ence covariate value on ence

ECso (abSO|Ute) ECso% (absolute)

[%] [%]

Percentiles 50 95" 5t 95" 50 95"

Gamma-glutamyl 10.9 139 2.76 3.27 16.7 4.92 5.83 16.7
transferase [U/L]

Alanine transami- 9.6 64.7 2.75 3.00 8.2 4.92 5.36 8.1
nase [U/L]
Fasting plasma 5.9 13 2.73 3.00 8.8 4.87 5.35 9.0

glucose [mM]
Triglycerides [mg/dL] 59.8 439 281 2.92 3.6 5.01 5.21 3.7

Cholesterol [mg/dL] 100 278 2.79 291 3.9 4.97 5.19 4.0

3.4 Project 4: Estimation of the absolute bioavailability of
linagliptin

In Project 4, the mean age of the 28 healthy malanteers was 39.4 years (range: 26—
50 years) and the mean body mass index was 25 Kggnge: 18.9-29.4 kgfth One

subject was Afro-American, the other 27 subjecteawgaucasians.

The dataset comprised 862 linagliptin plasma camagons from healthy volunteers
treated with a single dose of linagliptin administe either orally or intravenously. No
subject or concentration was excluded from theyaiml Appendix, Table 17 shows that
the distribution of healthy volunteers and concatitns per dose group correspond to the
study design. The plasma concentration-time pfitd linagliptin after intravenous
administration of 0.5, 2.5, 5, and 10 mg linaghpitnicreased less than dose-proportionally
(Figure 3-16). The variability of linagliptin plagmconcentrations after intravenous
administration was very small in all dose groupsgyFe 3-16), whereas linagliptin

exhibited a moderate variability after oral admiragson (Figure 3-17).
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Figure 3-16 Arithmetic mean (xSD) (left panel) and dose-normalised arithmetic mean (right panel)
plasma concentration-time profiles of linagliptin after intravenous administration of 0.5, 2.5, 5, and
10 mg linagliptin.
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Figure 3-17 Arithmetic mean (xSD) of plasma concentration-time profiles of linagliptin after the

administration of 5 mg linagliptin intravenously and 10 mg linagliptin orally.

Due to the nonlinear pharmacokinetics of linagtipthe standard approach to determine
the absolute bioavailability led to dose-dependstimates. Dividing the dose-normalised
AUC, . of 10 mg linagliptin by the dose-normalised AWYf the four different doses
resulted in mean values of 12.0% for 0.5 mg, 30fé%02.5 mg, 40.3% for 5 mg, and
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68.3% for the 10 mg dose. The dose-dependent dssBnad the bioavailability illustrate
the inappropriateness of this approach for thergdega.

3.41  Model development

The model development was performed in a stepwis@ner. Initially, the plasma
concentrations after intravenous administrationenanalysed separately, then the plasma
concentrations after oral administration were ideld and both datasets were evaluated

simultaneously to estimate the absolute bioavditgbi

Linear one-, two-, and three-compartment models ribtl allow a description of the

linagliptin plasma concentration-time profiles aftetravenous administration of 0.5, 2.5,
5, and 10 mg linagliptin. The fits of all three goantment models were significantly
improved by implementing concentration-dependentibig in the central compartment
(AOBJF -981.577, —802.743, and -795.454 for a onge-,tand three-compartment
model, respectively). Of the models including carication-dependent binding in the
central compartment, a three compartment modelopadd best AOBJF -249.835

compared to a two compartment model with concantradependent binding). Incorporat-
ing concentration-dependent binding also in ontefperipheral compartments further led
to a significantly better description of the plaspmcentrationsOBJF —73.820). This

three-compartment model with binding in the centatl one peripheral compartment
performed significantly better than a two-companineodel with binding in the central

and one peripheral compartmemdOBJF -216.477). Interindividual variability after
intravenous administration was low (Figure 3-16jidAion of interindividual variability

on the pharmacokinetic parameters, e.g. CL resuhed skewed distribution of the
individual parameters in the 0.5 mg treatment grang was therefore not implemented.
Inclusion of additional nonlinear processes whidghnbe the reason for this observation,
e.g. saturable elimination, did not improve the mlodignificantly AOBJF -1.683;

parameters for the saturable elimination could ordg estimated imprecisely
(RSE >145%)). Thus, no interindividual variabiliyas implemented on the disposition

parameters.

In the next step, the plasma concentrations aft@ragministration were included in the
analysis. When the disposition parameter were fixethe typical values of the intrave-
nous model and the absorption was modelled asstadifider process with lag time, the

linagliptin plasma concentrations could be descriequately. In addition, when
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estimating the model parameters simultaneouslygubnagliptin plasma concentrations
after intravenous and oral administration, the alé#jpon parameter estimates remained
nearly identical (Table 3-12). Including interinglual variability for all absorption
parameters sequentially was possible and impravediéscription of the plasma concen-
trations after oral administration. Therefore, imdividual variability was included for the

absorption parameters.

3.4.2  Final model

The plasma concentrations after intravenous anddagl@inistration were best described
by a three-compartment model accounting for coma&oh-dependent binding of

linagliptin in the central and one peripheral comyp@&nt. The structure of the final model

is depicted in Figure 3-18. The model parametexggaren in Table 3-12.

Linagliptin
unbound

Linagliptin
bound
B

Linagliptin
bound
A

Linagliptin
unbound

max,P C max,C

Total Linagliptin
Plasma Concentration

Linagliptin
unbound

VP2

Figure 3-18 Structure of the final pharmacokinetic model of Project 4. F, absolute bioavailability;
K,, absorption rate constant; ALAG, lag time; V¢, central volume of distribution; Vp;, volume of
distribution of the peripheral compartment 1; Qp;, intercompartmental clearance between central
and peripheral compartment 1; Vp,, volume of distribution of the peripheral compartment 2; Qp,,
intercompartmental clearance between central and peripheral compartment 2; CL, clearance;
Bmaxc, concentration of binding partner in the central compartment; Amaxp, @amount of binding

partner in the peripheral compartment 1; Ky, dissociation constant. See Figure 3-2 for details.
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Table 3-12 Parameter estimates of the population pharmacokinetic models of Project 4

Population pharmacokinetic Population pharmacokinetic
model (i.v.) model (i.v. and p.o.)
Unit Estimate RSE [%] Estimate RSE [%)]

Typical parameter

F % NA NA 29.5 14.7
ALAG h NA NA 0.234 8.50
Ka h* NA NA 0.187 27.2
Vc L 15.0 7.13 15.8 7.66
Qr1 L/h 235 9.91 243 10.0
Vp1 L 291 14.7 293 14.0
Qr2 L/h 70.7 5.46 69.9 5.42
Vp2 L 93.8 10.6 934 10.2
CL L/h 26.6 7.86 26.9 7.96
Bmax.c nM 3.26 11.2 3.44 9.74
Kd nM 0.0763 10.5 0.0835 11.8
Amax,p nmol 437 27.5 548 20.8
Interindividual variability

wF CV% NA NA 46.7 34.0
WALAG CV% NA NA 82.0 29.1
wKa CV% NA NA 27.6 66.9
Residual variability

Oprop”) % 16.6 5.28 17.6 5.14
Oadd” nM 0.277 213 0.255 27.3

D" Estimated on log-transformed data

NA, not applicable

All typical parameters could be estimated precigB$E ranging from 5.42—20.8%). The
concentration of binding partners in the centrahpartment was 3.44 nM, the dissociation
constant for the concentration-dependent binding 8835 nM. The unbound apparent
volume of distribution at steady-state was 402.2ndjcating an extensive DPP-4 inde-
pendent distribution of linagliptin. The clearanoé unbound linagliptin was high

(26.9 L/h). Interindividual variability, estimatexh the absorption parameters bioavailabil-
ity, rate constant of absorption, and lag time, wasderate to high (28-82%). The
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standard goodness-of-fit plots showed that the mpddormed adequately (Appendix,
Figure 27). For the 10 mg linagliptin dose group #bsolute bioavailability estimated by
the model was 29.5%, with a high inter-individuariability of 46.7% (range: 12.9—
60.8%).

34.3 Model evaluation

The visual predictive check presented in the Apperfigure 28 demonstrated that the
model adequately described the plasma concentsaéifiar oral and intravenous admini-

stration of all dose groups.

3.5 Project 5: Model-based pharmacokinetic analysis of

linagliptin in wildtype and DPP-4-deficient rats

The objective of Project 5 was to test the impdctancentration-dependent binding of
linagliptin to its target DPP-4 on the pharmacokizgeof linagliptin using plasma concen-

trations from wildtype and DPP-4-deficient rats.

The mean animal weights per dose group and rainstvare comparable (Appendix,

Table 18). The dataset included 182 linagliptinspla concentrations of 28 animals
determined after single intravenous administratdér0.01, 0.1, 0.3, or 1.0 mg/kg lina-

gliptin. Each of the four dose groups containedr faildtype and four DPP-4-deficient

rats, except for the lowest dose group (0.01 mgikgyvhich only wildtype rats were

included. The distribution of observations per dgesup and rat strain is summarised in
Appendix, Table 19. The number of observationsgisadly distributed between the dose
groups, but it tends to be lower in DPP-4-deficiens, as for most of these rats linagliptin
concentrations after 24 h were below the limit afantification. No observation was

excluded from the analysis. The linagliptin plasooaicentration-time profiles of both rat
strains are depicted in Figure 3-19.
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Figure 3-19 Mean (xSD) of dose-normalised linagliptin plasma concentration-time profiles after
single intravenous (bolus) administration of linagliptin to DPP-4-deficient (left panel) and wildtype

(right panel) rats.

In the dose range up to 1 mg/kg, pronounced diffegs in the plasma concentration-time
profiles of linagliptin were observed between DRBedicient and wildtype rats (Figure

3-19). DPP-4-deficient rats showed a markedly fastecrease in dose-normalised
linagliptin plasma concentrations over time, legdio a notably lower exposure in this
dose range. The pharmacokinetics was dose-propattin DPP-4-deficient rats (Figure

3-19, left panel), whereas the pharmacokineticswildtype Fischer rats was dose-
dependent. This nonlinearity is evident in the deganalised pharmacokinetic profiles of
wildtype rats not being superimposable due to a tean dose-proportional increase in

exposure (Figure 3-19, right panel).

3.51  Model development

Linear one-, two-, and three-compartment modelsewtested to describe the plasma
concentration-time profiles of DPP-4-deficient rafShe three-compartment model
performed best. It was superior to a one-compartmesdel AOBJF -223.022) and a
two-compartment modeAOBJF —-133.458). Estimating interindividual varidtyilon the
typical population parameters did not improve thsdliption of the plasma concentrations

and was thus not implemented. The parameter estsaaé listed in Table 3-13.

In the next step, this three-compartment model exdsnded to describe the pharmacoki-

netics of DPP-4-deficient and wildtype rats simoétausly by assuming saturable binding
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of linagliptin to DPP-4 for wildtype rats. Firstpecentration-dependent binding to a single
binding partner in the central compartment wasetésthich resulted in a good description
of the plasma concentrations. Adding saturableibmélso to one peripheral compartment
further improved the fitAOBJF —80.085); no further improvement could be nedcby
additionally implementing saturable binding in tlsecond peripheral compartment
(AOBJF 0). In addition, implementing the ‘tissue’ d¢himy partner in the peripheral
compartment was superior to incorporating two bigdpartners in the central compart-
ment, one which is soluble in plasma (i.e. solybddsma DPP-4) and one which is easily
accessible via plasma but not part of the plasnta (eembrane bound DPP-4 on lympho-
cytes or on the endothelium)A@®BJF —80.085). In the latter case, the amountis$ue’
binding partner was estimated to be zero. Accogrfion interindividual variability on the
binding parameters was not required. During the ehatévelopment the distribution
parameters of unbound linagliptin were fixed tostn@f the DPP-4-deficient rats’ model.
When estimating all model parameters simultaneoulg parameter estimates were
nearly identical (Table 3-13).

In the last step of model development, the modslimptions were tested if possible (cf.
section 2.5.5.3). One model assumption was thatbthding affinity of linagliptin to
central and peripheral DPP-4 is identical. Thisuagstion was maintained for the model,
as the data did not allow to independently estintat® dissociation constants. Another
assumption was that the binding equilibrium washed faster than other pharmacoki-
netic processes. This assumption of quasi-equilibrbinding had only negligible effects
on the model results (e.g. parameter estimatesingss-of-fit plots), and was therefore
abandoned for the final model.

3.5.2  Final model

Confirming the hypothesis, that the nonlinear plarokinetics is caused by concentra-
tion-dependent binding of linagliptin to DPP-4, fflasma concentrations of both wildtype
and DPP-4-deficient rats were best described byreetcompartment model accounting
for concentration-dependent binding of linaglipiinplasma and tissue DPP-4 in wildtype

rats. The structural model is depicted in Figui203-
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Figure 3-20 Schematic representation of the pharmacokinetic model for linagliptin accounting for
concentration-dependent and reversible binding of linagliptin to DPP-4 in wildtype rats. In DPP-4-
deficient rats, no binding to DPP-4 is existent simplifying the model to a linear three-compartment
model. V¢, central volume of distribution; Vp;, volume of distribution of first peripheral compartment;
Vps, volume of distribution of second peripheral compartment; Qp,, intercompartmental clearance
between central and first peripheral compartment; Qp,, intercompartmental clearance between
central and second peripheral compartment; CL, clearance; Bmaxc, COncentration of binding partner
in the central compartment; Anaxp, @amount of binding partner in the second peripheral compart-
ment; Koy, second-order rate constant of the association of the linagliptin/DPP-4 complex; Kogr,

first-order rate constant of the dissociation of the linagliptin/DPP-4 complex.

No interindividual variability was required. Thesr@ual variability was 19.9% and was
coded as an additive residual variability model lfmg-transformed data, approximately
corresponding to a proportional residual variapilihodel for untransformed data. The
parameter estimates are shown in Table 3-13. Tdrelatd goodness-of-fit plots (Appen-
dix, Figure 29) highlight that the model performdequately for DPP-4-deficient and
wildtype rats. A slight misspecification can be eb®d for the linagliptin concentrations
at the early time points which may be caused biatians in the actual sampling time of

the 2 min values.
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Table 3-13 Parameter estimates of the final pharmacokinetic model for DPP-4-deficient and

wildtype rats

DPP-4-deficient model Combined model
Unit Estimate RSE [%)] Estimate RSE [%)]

Typical Parameter

Ve L 0.487 7.72 0.569 5.18
Qrp1 L/h 0.192 8.75 0.173 8.32
Vp1 L 1.48 6.30 1.73 12.5
Qr2 L/h 3.31 3.05 4.16 4.62
Vp2 L 1.48 2.60 1.81 5.40
CL L/h 1.44 2.87 1.51 2.56
Bmax,c nM NA NA 2.70 3.68
Kon L/(h-nmol) NA NA 2.50 12.8
Korr ht NA NA 0.108 fix NA
Ko nM NA NA 0.0432 NA
Amax.p nmol NA NA 9.86 8.68
Residual variability

Oprop” % 14.2 11.6 19.9 8.24

D Dissociation constant derived from Ka = Kore/Kon

2 Estimated on log-transformed data

NA, not applicable

3.5.3 Model evaluation

The disposition model parameter estimates, (Vss CL) of unbound linagliptin were
comparable to the disposition parameters of DPRfi&idnt rats determined by noncom-
partmental analysis (Table 3-14). The meag Was lower in the noncompartmental
analysis, possibly due to the high number of valoelew the limit of quantification in

DPP-4-deficient rats resulting in an underestimmatbVss values.
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Table 3-14 Comparison of the parameters for volumes of distribution and clearance between the

noncompartmental and the model-based analysis

Ve (L/kg)  Vss (L/kg) CL (mL/min/kg)
Model-based 2.28 16.4 100.7
Noncompartmental 251 9.2 94.6

The dissociation constant of the saturable bindimgvildtype rats was 0.0432 nM, or,
reciprocally the association constant was A8% M™. In line with this estimate, thim
vitro plasma protein binding study determined an asoni@onstant of 2.320"° M for
the binding of linagliptin to plasma DPP-4 in ré1$2). The concentration of the binding
partner in the central compartment was estimatedhieymodel to be 2.70 nM. This
parameter essentially reflects the plasma DPP-4omen concentration in rat, which was

estimated in a previous study to be 3.84 nM (162).

3.5.4 Simulation

Based on the final model, the plasma concentrdtroa-profiles of total linagliptin and

linagliptin specifically bound to plasma DPP-4 wermnulated for different doses (Figure
3-21). These simulations indicated that in wildtygeimals unbound linagliptin was
eliminated efficiently and that the long terminallfHife was related to the fraction of

linagliptin specifically bound to DPP-4.
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Figure 3-21 Prediction of the plasma concentration-time profiles of total (solid line) and specifically
bound (dashed line) linagliptin for the doses 0.01, 0.1, and 1.0 mg/kg. The curves showing the total
and the specifically bound plasma concentration-time profiles completely overlap in the left panel,

and partly overlap in the middle and right panels.
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Furthermore, the time course of linagliptin in bp#ripheral compartments was simulated
and compared between DPP-4-deficient and wildtyges (Figure 3-22). In DPP-4-
deficient rats, the amount of linagliptin in tissuereased linearly with dose and was
eliminated rapidly, whereas in wildtype rats there@ase of linagliptin in tissue was less
than dose-proportional in the dose range from QL@ mg/kg. The decline of peripheral
linagliptin was predicted to be much slower comgdae DPP-4-deficient rats. At the end
of the observation period (72 h), the amount dddiiptin in the peripheral compartments
was predicted to be much higher in wildtype ratsnpared to DPP-4-deficient rats
(Appendix, Figure 30). In addition, the less tharselproportional increase of linagliptin
in the peripheral compartments of wildtype rats aigs® evident 72 h after the intravenous

bolus administration.

1000 1000
6 A % A
S : :
g £ 100 1\ cE \
cg NG £g
§ o 10 \\\:‘:—:—‘———a-,—— ..... X § %
g5 — S5
= g_ 14 g Q
55 S &
S 01+ =
3s Dose 0.01 mg/kg 3c
g g .................. Dose 0.1 mg/kg g: g
£0019 |- Dose 0.3 mg/kg =2
o ——— Dose 1.0 mg/kg g
0.001 : : : :
0 24 48 72 96

Time [h]

Time [h]

Figure 3-22 Prediction of the amount of linagliptin in both peripheral compartments over time for
wildtype (left panel) and DPP-4-deficient rats (right panel) after an intravenous bolus administration
of 0.01, 0.1, 0.3, and 1.0 mg/kg linagliptin.

The impact of altered DPP-4 levels on the totahdiiptin plasma concentration-time
profiles, the plasma concentration-time profilesunabound linagliptin, and the linagliptin
occupancy-time profile of DPP-4 in plasma were @ ibvestigated. Thus, simulations
were performed assuming varying amounts of cerdral peripheral binding partners
(original valuet50%). The impact at two dose levels (0.01 and kg)ghas investigated.

Regardless of dose, varying amounts of plasma DRBeédan impact on the total lina-
gliptin plasma concentration if linagliptin plasncancentration levels were below the

plasma DPP-4 concentration. Interestingly, varyingcentrations of plasma DPP-4 only
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had a minor effect on the predicted unbound linuigli concentration and the predicted
occupancy (Figure 3-23). In contrast, the impactarfying amounts of peripheral DPP-4
was dose-dependent. In case of the 0.01 mg/kg glosg, a lower amount of peripheral
DPP-4 initially led to a higher fraction of unboufidagliptin, as well as higher total

plasma concentrations and higher plasma DPP-4 aocyp(Figure 3-24, upper panels).
An opposite effect was observed at later time [goiAt time points >40 h in the 1 mg/kg
dose group, a lower amount of peripheral DPP-4ltegun slightly lower total plasma

concentrations, a slightly lower fraction of lingugin not specifically bound, and a slightly

lower occupancy (Figure 3-24, lower panels).

Total concentration Unbound concentration Occupancy

. 100 _. 100

E E 1.0 ——— By 1.350M
£'c £'c 10 A £ Binax.c 270 "M
£3 =8 25 08+ ——— B, 4050M
D © D © D Q ’
G = G = 14 T >
£c £c £ 8 06
= = =9
53 8 o1 B
£8 8 S E 047
3 3 - 58
d‘% d‘% 0.01 &% 02

© ©

S o001k ‘ ‘ < 0.001 4 ; ; 0.0

0 24 48 72 0 24 48 72 0 24 48 72
Time [h] Time [h] Time [h]
Total concentration Unbound concentration Occupancy

__, 10000 __, 10000

Z z
£°c 1000 - £ 10007 £
=] =] 2g
5% D% 100 G
§E 100 g8 g5
£E E£E £3
5 38 1
ot 10 ot s
o8 58 14 SE
- ge 3
[sl7) o g 0.1+ Qe 024

© ©

= o1 ; ‘ = 001k ; ; 0.0 ; ;

0 24 48 72 0 24 48 72 0 24 48 72
Time [h] Time [h] Time [h]

Figure 3-23 Prediction of total plasma linagliptin concentration (left panels), unbound plasma
linagliptin concentration (middle panels) and plasma DPP-4 occupancy with linagliptin (right panels)
0-72 h after an intravenous bolus administration of 0.01 mg/kg (upper panels) and 1 mg/kg (lower

panels) assuming different concentrations of central binding partner (original value + 50%).
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Figure 3-24 Prediction of total plasma linagliptin concentration (left panels), unbound plasma
linagliptin concentration (middle panels) and plasma DPP-4 occupancy with linagliptin (right panels)
0-72 h after an intravenous bolus administration of 0.01 mg/kg (upper panels) and 1 mg/kg (lower

panels) assuming different amounts of peripheral binding partner (original value +50%).
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4 Discussion

4.1 Nonlinear pharmacokinetics of linagliptin

One major challenge of linagliptin on the way thghwdrug development was its nonlinear
pharmacokinetics. For drugs with nonlinear pharrkemgics it is of great importance to

understand the reasons for the nonlinearity tanaflsafe and efficacious therapy.

4.1.1 Mechanisms of nonlinear pharmacokinetics

The term ‘linear pharmacokinetics’ implies that centration-time profiles for a given

drug and individual are superimposable when theyrermalised for time and dose. In
contrast, if these profiles are not superimposalie pharmacokinetics is termed
‘nonlinear’ (149,164). Nonlinear pharmacokineticanc be caused by nonlinear
mechanisms in all kinetic processes, i.e. libemati@absorption, distribution, and

elimination. The sources of nonlinearity can beidid into factors dependent on dose or
concentration, and factors dependent on time. Té&ldlesummarises possible causes of

concentration-dependent and time-dependent phakimeatizs.

Linagliptin exhibits nonlinear pharmacokineticsealdy after a single dose (103). This
argues for a concentration-dependent effect rati@n a time-dependent process. The
AUC of linagliptin increases less than dose-prapoglly with increasing dose. In
consequence, saturation of first-pass metabolisratalmolizing enzymes, and active
secretion in liver or kidneys, cannot be respomesibt this kind of nonlinearity, as these
processes lead to a more than dose-proportioneg¢aee in AUC. In addition, saturable
liberation was regarded as unlikely because otibk solubility of linagliptin (100) and
concentration-dependent renal elimination was clamed unlikely due to the small
fraction that was renally eliminated (104). Thus best explanation for the nonlinearity
was either saturable active transport mechanism¥i@nabsorption or saturable protein
binding. The latter possibility was supported bymam in vitro plasma protein-binding
data showing concentration-dependent binding faadiiptin in the low nanomolar range
(162).
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Table 4-1 Common causes of nonlinear pharmacokinetics (adapted from (149))

Process involved Parameter primarily Effect on AUC

affected

Dose-dependent processes

Liberation Poor solubility, dissolution Bioavailability ¢ AUC |
Absorption Saturable active transport Bioavailability | AUC |

Saturable first-pass metabolism Bioavailability 1 AUC 1
Distribution Saturation of plasma proteins Volume of distribution 1, AUC |

fuplasma 1 > Clearance 1

Saturation of tissue binding Volume of distribution ¢, AUC o
futissueT
Metabolism Saturation of metabolizing enzymes Hepatic clearance | AUC 1t
Elimination Saturable renal excretion due to active Renal clearance | AUC 1t
secretion
Concentration-dependent renal Renal clearance t AUC |

excretion due to active reabsorption

Saturable active biliary excretion Hepatic clearance | AUC 1

Time- (and dose-) dependent processes

Metabolism Autoinduction Hepatic clearance 1 with AUC | with time

time

Elimination Toxic effects of a drug on its own renal  Renal/hepatic clearance | AUC 1 with time

or hepatic elimination with time

Others Diurnal variations in renal function, varies varies
urine pH, alpha-glycoprotein
concentrations, gastrointestinal

physiology (food, drink), cardiac output

Concentration-dependent plasma protein binding ey influences the volume of
distribution. As the free fraction is increasingtlwincreasing drug concentrations, the
clearance is also affected. In literature, them \marious examples for drugs exhibiting
concentration-dependent plasma binding (149,164prbdken, e.g., is a weak acid that
binds concentration-dependently to albumin. Normiitg is only observed when su-
pratherapeutic doses are administered (165). L&wialproic acid, a drug with nonlinear

pharmacokinetics and a small therapeutic windowhilets concentration-dependent
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binding to albumin, making interpretation of totalproic acid concentrations difficult
(166). The basic drug disopyramide binds dpacid glycoprotein. Interestingly, its
stereoisomers have different binding affinitiesq)L6The class of angiotensin-converting
enzyme (ACE) inhibitors, e.g. trandolaprilat, extstmonlinear pharmacokinetics due to
concentration-dependent binding to their targetyere ACE (149). In addition, the
distribution and elimination of many therapeuticoteins, peptides, and monoclonal
antibodies are likewise determined by target-mediatisposition due to specific high-

affinity binding to biological targets (168).

The concentration-dependent plasma protein bindingnagliptin occurred in the low
nanomolar range (<100 nM) where common plasma ipotdike albumin or

a-glycoprotein would not yet be saturated (149).sTlad to the hypothesis that lina-
gliptin’s target enzyme, DPP-4 might be the resgasinding partner.

4.1.2  Nonlinear pharmacokinetics of linagliptin is caused by target-

mediated drug disposition

The results of Projects 1 and 5 confirmed the Hyggis that concentration-dependent
binding of linagliptin to its target DPP-4 in plaanand tissues is the reason for the

nonlinear pharmacokinetics in humans as well agilatype rats.

4.1.2.1 Clinical findingsin Project 1

The linagliptin plasma concentration-time profitdsype 2 diabetic patients receiving oral
doses of 1-10 mg linagliptin once daily over 128rdays were successfully described by
a model accounting for concentration-dependenteprobinding of linagliptin in the
central and the peripheral compartment. This moéskribed the plasma concentrations
significantly better than a model assuming sateralisorption, another possible cause for
a less than dose-proportional increase in the expoSeveral lines of evidence argue that
DPP-4 is the binding partner of linagliptin relevaior its concentration-dependent
behaviour. In clinical studies, the concentratidrbimding partner in the central compart-
ment was estimated to be 4.62 nM, which is in thgsmlogical range expected for the
DPP-4 concentration in plasma (79,80). In addititre individual estimates for the
concentration of the binding partner in the cent@npartment correlated well with the
observed pre-dose plasma DPP-4 activity (cf. Fig#8. Finally, the observed plasma
DPP-4 activity under treatment was linearly relai@dhe estimated plasma occupancy of

the binding partner with linagliptin. DPP-4 is daaie in its soluble form in plasma and to
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a great extent in its membrane-bound form in th@o#relium and epithelium of various
tissues. Thus, concentration-dependent bindingnagliptin in both the central and the

peripheral compartment would be in accordance plitysiology.

4.1.2.2 Nonclinical findingsin Project 5

The findings from the clinical investigations wemaibsequently confirmed by a
comparison of the linagliptin pharmacokinetics be#w wildtype rats and rats with a
DPP-4-deficiency (Project5). There was a strikiddference between the plasma
concentration-time profiles of both rat straingeagingle intravenous administration of up
to 1 mg/kg linagliptin. The difference was most moanced in the lowest dose group
(0.1 mg/kg), and decreased with increasing dosesdtyffe rats exhibited a higher
exposure and a markedly slower elimination compated DPP-4-deficient rats.
Furthermore, the pharmacokinetics in this dose eamgs nonlinear in wildtype rats, but
linear in DPP-4-deficient rats. The linagliptin gtaa concentrations in both rat strains
were successfully described by one pharmacokimetidel accounting for concentration-
dependent binding of linagliptin in wildtype ratsike in the model for patients, the
binding was implemented in the central and onepperial compartment, suggesting that
concentration-dependent binding of linagliptin tdtbplasma and peripheral DPP-4 has an
impact on the nonlinear pharmacokinetics of linatghi.

4.1.2.3 Further findings

Beyond the analysis presented here, other nonaliaiedin vitro experiments also found
the concentration-dependent plasma and tissue ngndf linagliptin to be caused by
DPP-4. Plasma protein binding studies revealedomqunced concentration-dependent
binding of linagliptin in the plasma of wildtypetsaand mice, as well as in human plasma
(162). This concentration-dependency was charaeikrby a plasma protein binding of
linagliptin >99% for linagliptin concentrations M, decreasing to 70-80% for lina-
gliptin concentrations >100 nM. In contrast, thagpha protein binding was constant in the
concentration range of 0.1-10,000 nM in DPP-4-dsficrats and DPP-4 knockout mice.

Similar findings for the tissue binding of linagiip were obtained by whole body autora-
diography and tissue dissection (161). Tissue $ew€drug-related radioactivity increased
markedly less than dose-proportional in wildtypts tia all investigated tissues, whereas a
nearly dose-proportional increase was observedRR-B-deficient rats. In line with the
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idea of target-mediated drug disposition, higheele of linagliptin were observed in the
tissues of wildtype rats compared to DPP-4-deficiats.

4.1.3  Model assumptions

41.3.1 Pharmacokinetic models

The pharmacokinetic models developed in this wadoanted for the saturable binding of
linagliptin to DPP-4 in plasma and peripheral tessuThis is in line with the DPP-4

distribution as well as the current knowledge abimatgliptin as presented in section 4.1.2.
The tissue binding was implemented in the perigrmmpartment as this was superior to
implementing a second binding partner in the cént@mpartment which is easily

accessible via plasma but not part of the plasnta (eembrane bound DPP-4 on lympho-
cytes or on endothelium). The latter approach hasessfully been used previously to
describe the target-mediated drug disposition @ #ngiotensin-converting enzyme
inhibitor benazepril (153). A possible explanation the difference between both models
might be that membrane bound angiotensin-conveeimayme is predominantly located in
the endothelium of blood vessels (169), whereas-BFPto a high extent also expressed
on the epithelia of various tissues (57,72-75). irhvestigations on the identifiability of

the model structure also demonstrated that thegsexp model structure not only reflects
physiology best, but was also identifiable using ttlinical data of Project 1. These
investigations further suggested that an analykia wide range of doses (1-10 mg) is

important to determine all model parameters adedyiat

Identical binding affinities of linagliptin for soble plasma DPP-4 and membrane-bound
tissue DPP-4 were assumed in the model. This wesseary as it was not possible to
independently estimate two different binding afies. Assuming identical binding
affinities is justified as soluble DPP-4 is mogely a cleavage product of the membrane-
bound DPP-4 (57).

The binding of linagliptin to DPP-4 was assumedbé&reversible. This is in line with
previousin vitro experiments (101). However, precisely estimatimgling association and
dissociation rate constants using a target-medidreg disposition model is difficult
(152). Thus, to simplify the estimation, quasi-diguum conditions were assumed for the
high-affinity binding of linagliptin to DPP-4, i.et was assumed that the binding equilib-
rium is reached faster than all other processess @iksumption has previously been

successfully applied by several authors (151-158,15 Project 5, the assumption of
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quasi-equilibrium conditions for the binding ofdigliptin to DPP-4 was tested for the final
model structure. Assuming that the binding equilibr was reached instantly had only
negligible effects on the description of the linpth plasma concentration-time profiles

and the parameter estimates.

4.1.3.2 Pharmacodynamic model

In Project 1 it was assumed that plasma DPP-4 a@ecuyp with linagliptin is directly
proportional to the decrease of plasma DPP-4 &gtiVhis implies that the interaction is
readily reversible, independent of time, and natpayative (170). The binding of lina-
gliptin to DPP-4 was found to be reversible imvitro dissociation assays (101). No
hysteresis was obvious in the relationship betweegliptin plasma concentration and
plasma DPP-4 inhibition (103), suggesting thatitheraction is time-independent. DPP-4
monomers have only one active site, i.e. one liptigl binding site (100). However, as
DPP-4 molecules are often associated as dimers ¢®0perativity might be possible
(100). Such a cooperative effect would not be ceddry the current model.

The basic concept of ‘receptor occupancy’ was thiced in the 1930s by Alfred J. Clark
and has meanwhile been extended to allow the géiseriof more complex scenarios, in
which not only receptor occupancy, but also subsetfjprocesses contribute to the
response (170). As no processes subsequent togiade involved in the DPP-4 inhibi-

tion by linagliptin, however, the basic model canapplied here.

The pharmacokinetic/pharmacodynamic model of Ptdjeassumed thén vivo (i.e. in
plasma) andn vitro (i.e. in the assay) DPP-4 occupancies with limdiglito be identical.
The presumed DPP-4 occupancy with linagliptmvitro may be lower thann vivo,
however, as thin vitro assay requires the plasma samples to be diluttdwystrate to be
added in excess, affecting the binding equilibridtesuming differentn vivo andin vitro
DPP-4 occupancies would significantly improve thedel fit (AOBJF —28.092), but this
would also increase the complexity of the modeladdition, visual predictive checks
indicated only minor differences between the fiteerefore, no difference in tha vitro

and then vivo occupancy was accounted for in the final model.
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4.1.4  Implications of the target-mediated drug disposition of

linagliptin

Simulations using the pharmacokinetic model of tyje rats revealed that the binding of
linagliptin to DPP-4 in plasma as well as in peagl tissues has a major impact on the
disposition of linagliptin (Project 5). In plasmadatissue, the fraction of linagliptin bound
to DPP-4 was not directly available for elimination re-distribution and acted as a
‘reservoir’. In contrast, unbound linagliptin wagared or re-distributed efficiently. Thus,
the high affinity binding in wildtype rats led topsolonged terminal half-life and a higher
exposure of linagliptin in both plasma and tissompared to DPP-4-deficient rats. With
increasing doses, the percentage of linagliptimbao DPP-4 decreased as DPP-4 became
saturated, mitigating the impact of the bindingtbe pharmacokinetic profiles in both
compartments. These simulations are in accordanitethe differences observed in the
plasma concentration-time profiles between DPP{#tidat and wildtype rats. In addition,
the predicted behaviour of linagliptin in the pépal tissues very well matched the tissue
distribution of {“C]linagliptin-related radioactivity in wildtype anBPP-4-deficient rats
(161). Both, the simulated as well as the obserisslie distribution, suggested that
saturation of ‘tissue’ DPP-4 with linagliptin washeeved with single intravenous bolus
doses of less than 1 mg/kg linagliptin (0.04 mddkged on the model).

Like in the animal model, the target binding ofagtiptin plays a considerable role in
humans when the compound is administered in thepleeatic dose range. Simulations of
the steady-state profiles for the 5 mg linagliptose, which is the therapeutic dose tested
in the clinical phase Il programme, were perform€dese simulations predicted that the
total AUGC, ss is actually composed to the greater part (~70%]Jir@fgliptin bound to
DPP-4, while only the smaller fraction is not boundDPP-4. Thus, the target-mediated
drug disposition of linagliptin must be taken imdocount in the interpretation of the
pharmacokinetics of linagliptin.

4.1.4.1 Impact on the pharmacokinetic parametersof linagliptin

In clinical studies | and Il, the AWG4, and AUG ss of linagliptin increased less than
dose-proportionally with increasing dose. Both ieae and ¥Ys of linagliptin determined

by noncompartmental analysis increased with inongadose (cf. Table 1-1). Furthermore,
despite a long terminal half-life of more than X)Ghe accumulation ratio based on AUC
(Raauc) was small, ranging from 1.2-2.0, and steady-stas reached fast (2—6 days)
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(104). Both the accumulation and the time to restelady-state were dose-dependent for
linagliptin.

These particularities of linagliptin pharmacokiestican be explained by the model
accounting for target-mediated drug dispositione €himination of linagliptin is governed
by the high-affinity binding of linagliptin to itsarget DPP-4, leading to a long terminal
half-life. Thus, the clearance of total linagliptalculated by noncompartmental analysis
is not only dependent on the linear clearance bbund linagliptin but also on the affinity
to and the concentration of DPP-4 in plasma amstiéisWith increasing doses, the fraction
of unbound linagliptin increases as the bindingnearbecomes saturated. This leads to an
increase in the volume of distribution and the i@daae of total linagliptin as determined
by noncompartmental analysis and thus to a less dose-proportional increase in the

exposure of linagliptin.

The accumulation of unbound linagliptin is low & tfraction of unbound linagliptin is

eliminated efficiently (CL/F 220 L/h, in Project.Ihe accumulation of linagliptin is dose-
dependent as well due to the concentration-depérngiading. When high doses (e.g.
10 mg) are administered, saturation of DPP-4 and fheady-state is effectively achieved
after the first dose already (cf. Figure 3-6, riglainel), resulting in a low accumulation
ratio of 1.2. Conversely, when low linagliptin desée.g. 1 mg) were administered,
saturation of DPP-4, and thus steady-state, wasadwoeved until 4—6 administrations.

Accordingly, accumulation is higher (accumulatiatio 2.0) for low doses.

4.1.4.2 Impact on linagliptin DPP-4 inhibition

Due to the direct relationship between pharmacdkiseand pharmacodynamics via the
occupancy of DPP-4 with linagliptin, the pharmacakic characteristics are also apparent
in the DPP-4 inhibition. The plasma DPP-4 inhibitis long-lasting as it is likewise
dependent on the slow dissociation of linagliptiani its target. Accordingly, the time
until steady-state inhibition is reached is dospetelent. While low doses of linagliptin
are sufficient to elicit a marked DPP-4 plasma bitfton under steady-state conditions,
DPP-4 occupancy keeps increasing after the firged@and thus steady-state DPP-4
inhibition is only reached after several administras. In contrast, single high doses of
linagliptin lead to an instant near-maximum saioratof DPP-4 and thus steady-state
DPP-4 inhibition is reached already after the fitsse.



118 4 Discussion

4.1.4.3 Comparison to other DPP-4 inhibitors

Interestingly, the impact of target-mediated drugpdsition on the pharmacokinetics is
higher for linagliptin compared to other DPP-4 ntors exhibiting approximately linear
pharmacokinetics (108-111). This may be explaingd thigher affinity of linagliptin to
DPP-4 compared to other DPP-4 inhibitors. A recgntdy compared then vitro ICsq
values of several DPP-4 inhibitors (101). Indeddadliptin inhibited DPP-4 most
effectively with anin vitro ICso of ~1 nM, compared to sitagliptin (19 nM), alodiip
(24 nM), saxagliptin (50 nM) and vildagliptin (63M). In line with their lower binding
affinities, higher therapeutic doses for sitaghp{LOO mg qd), vildagliptin (50 mg qd or
bid) and alogliptin (25 mg qd) were required. Alsoe AUC values of these compounds
are higher compared to linagliptin (Table 4-2).

Table 4-2 Comparison of the therapeutic dose, AUC, fraction unbound, and ICs, of saxagliptin,

alogliptin, vildagliptin, sitagliptin and linagliptin

Saxagliptin AIointpinz) Vildagliptin Sitagliptin Linagliptin
Parent Active
Metabolite
BMS-510849
Dose [mg] 5 (qd) NA 25 (qd) 50 (qd) 100 (qd) 5 (qd)
AUC [nM:h] 180 (111)® 1,355 (111)” 3,194 (110)® 3,395 (173)® 8,500 (108) 158 (104)
fu 1.0 (111) 1.0 (111) Not specified  0.91 (171) 0.54-0.66 0.005-
(172) 22.7(162)
ICso [NM] (101) 50 NDV 24 63 19 1

Y Twofold less potent (111)

2 Active metabolite with similar potency than parent in vitro, but only ~1% of AUC parent (110)

¥  AUCq.ntis reported to be 0.06 pg-h/mL and molecular weight of saxagliptin is 333.4 g/mol

Y AUCount is reported to be 0.43 pg-h/mL and molecular weight of saxagliptin metabolite is
333.4-16 = 317.4 g/mol

%) AUC, ss is reported to be 1.474 pg-h/mL and molecular weight of alogliptin is 461.5 g/mol

& AUCq.infis reported to be 1.030 pg-h/mL for 50 mg qd and molecular weight of vildagliptin is

303.4 g/mol
NA, not applicable

In contrast, the doses as well as the exposurassvafgliptin and linagliptin are similar.
Interestingly, saxagliptin has a pharmacologicaltyive metabolite with a ~7-fold higher

exposure than the parent compound which may pgssblain the similar dose and
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exposure of linagliptin and saxagliptin despite Bi@efold lower affinity of saxagliptin for
DPP-4.

4.1.4.4 Clinical implications

Due to its target-mediated drug disposition, thenteal half-life of linagliptin is not
predictive with regard to accumulation. The accutiah for the low dose groups (e.g.
1 mg, 2.5 mg) is dependent on the saturation of-BDREB well as the accumulation of
unbound linagliptin. For higher doses (e.g. 5 mgyig), DPP-4 is saturated already after
the first dose and thus, the accumulation is predat@ly dependent on unbound lina-
gliptin. The pharmacokinetics of unbound linaglipts linear and thus the effective half-
life of unbound linagliptin is predictive with reghto the accumulation for higher dose
groups. The model-derived effective half-life ofo@und linagliptin is 7.7 h. This is in line
with the accumulation half-lives of 11.4 h and 8tb@8etermined by noncompartmental

analysis for the 5 mg and 10 mg dose respectiv€l)(

One consequence of the short terminal half-liferdfound linagliptin, in conjunction with
the nonlinearity in the pharmacokinetics, is a lggsmounced increase in the exposure for
patients with a reduced CL/F of unbound linagliptompared to compounds with linear
pharmacokinetics (cf. section 4.3.2). The same <holdue for increases in the
bioavailability or overdosing. If e.g. 10 mg linggin was taken instead of 5 mg, the
AUC, ssis predicted to increase only by 33% rather tloagiauble.

Conversely, due to the high-affinity binding ofdgliptin to its target DPP-4 leading to a
long terminal half-life and the long-term effect lfiagliptin on the DPP-4 activity, a

single missed 5 mg dose would in average stillltesua DPP-4 inhibition after 48 h of

71.4%. The long terminal half-life of linagliptinight also be problematic. In case of
intolerance for example, linagliptin cannot be éhated rapidly. This is a theoretical
scenario, however, as linagliptin was very welktated in all studies performed so far
(103,174). Furthermore, only the fraction boundDBP-4 remains in the body longer,
while the major fraction of linagliptin, which iohbound to DPP-4, is eliminated fast.

The fraction of drug which is not bound by DPP-4l wot affect the DPP-4 activity, and
will not contribute to the efficacy. Accordinglynd in line with the observed plasma
DPP-4 activity, simulations showed that the occuapaior the 5 mg and the 10 mg dose
groups is similar and >90% (cf. Figure 3-6, righhpl). This favours 5 mg as the therapeu-
tic dose.
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4.2 Characterisation of the pharmacokinetics and the
pharmacokinetic/pharmacodynamic relationship of

linagliptin

4.2.1  Structural model comparison

The structures of the pharmacokinetic models adiiptin were similar in rats, healthy
volunteers, and type 2 diabetic patients. All thmesdels included concentration-dependent
protein binding in the central and one peripheasthpartment. In Projects 4 and 5, a three-
compartment model was required to describe themaasoncentrations adequately,
whereas in Project 1 a second peripheral compattmas not supported by the data. This
difference between the structural models might kplagned by the fact that plasma
concentrations after intravenous administrationenacluded in Projects 4 and 5, but not
in Project 1. Possibly, the very fast initial distition phase witho-phase half-lives of
linagliptin of 0.085 h in Project 4 and 0.058 hHroject 5 is masked by the relatively slow
absorption of linagliptin.

4.2.2  Population parameters

4.2.2.1 Volume of distribution and clearance of unbound linagliptin

The volumes of distribution at steady-state of wmigblinagliptin were found to be high in

rats (Project 5), healthy volunteers (Project 40 &ype 2 diabetic patients (Project 3a)
(Vss 16.6 L/kg, 5.1 L/kg, and ¥F: 26.2 L/kg, respectively). All estimates by far
exceeded the total volume of body water, indicatamgextensive tissue distribution of

unbound linagliptin. These findings are consisteith the extensive tissue distribution

observed for unbound linagliptin in DPP-4-deficiesiis as determined by autoradiography
(161).

The clearances of unbound linagliptin were estiochdt® be moderate to high in rats
(Project 5), healthy volunteers (Project 4) andetyp diabetic patients (Project 3a)
(CL: 6.09 L/h/kg, 0.34 L/h/kg, and CL/F: 2.86 L/gk respectively). The clearance
normalised to body weight was considerably highrerats compared to humans. This
might possibly be caused by differences in theabyjliexcretion of linagliptin of rats and
humans as biliary excretion is generally diffictdt predict between different species
(175,176). Assuming an absolute bioavailability28t5%, a ~2-fold higher clearance was
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estimated in diabetic patients compared to thetimgablunteers of Project 4. In line with
the lower clearance in Project 4, the linagliptup@sure was 21-41% higher in Project 4
(AUCp.24r 227 nM-h in Project 4) compared to Project 1 (AU 161 nM-h in study I,
188 nM-h in study II) after oral administration 40 mg linagliptin. Due to the
nonlinearity, the effect of an enhanced clearantéhe linagliptin plasma concentration-
time profile is lower than would be the case foelAr pharmacokinetics. Accordingly, the
predicted typical concentration-time profile of [ 4 was only slightly increased
compared to those of the other projects (Figurg. 44ie reason for the different exposures
in both projects is unknown. A difference betweesalthy volunteers and patients is
unlikely, as similar exposures for healthy volunseand type 2 diabetic patients were
observed in other studies. For example, comparAbl€,.,4n values were found for the
healthy volunteers in the control group of Proj2dtand the patients of Project 1 (122
nM-h compared to 119 nM-h (study I) and 124 nMthd{g 1) after oral administration of
5 mg linagliptin). Also, the plasma concentratiand profiles of the healthy volunteers in
Project 4 could be adequately described by the haeleeloped for diabetic patients in
Project 1 with only minor model adaptations (cfctgsm 3.2.4), suggesting that the
differences in exposures between Project 4 anck&r8p are random inter-study effects.

25

Patients in Project 1
~~~~~~~~~~~~~~~~~~ Patients in Project 3a

204 | === Healthy volunteers in Project 2d
——— Healthy volunteers in Project 4

15 A

e T s

Linagliptin plasma concentration [nM]

0 4 8 12 16 20 24
Time [h]

Figure 4-1 Comparison of simulated typical linagliptin concentration-time profiles based on the
pharmacokinetic models developed in Projects 1, 2d, 3a, and 4 assuming that a single oral dose of
5mg linagliptin was administered. The grey shaded area represents the overall variability
determined as the 90% confidence interval of 1,000 simulated concentration-time profiles based on

the base population pharmacokinetic model of Project 3a.
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4.2.2.2 Binding parameters

The concentrations of binding partner in the céntcanpartment were estimated to be
2.70 nM, 3.44 nM, and 4.97 nM for rats, healthywikers, and type 2 diabetic patients,
respectively, and thus lie within the range expddte the plasma DPP-4 concentration
(79,80). Based on the plasma protein binding asaasimilar concentration of plasma

DPP-4 monomers of 3.84 nM for rats and 6.36 nMHomans was estimated (162). An
elevated plasma DPP-4 concentration for type 2edi@ipatients would be in line with the

finding of a higher DPP-4 activity in type 2 dialogpatients compared to healthy volun-
teers (177,178).

The dissociation constants for the binding of lingo to DPP-4 were estimated to be
0.043 nM, 0.0835 nM, and 0.0652 nM for rats, heaffolunteers and type 2 diabetic
patients, respectively. Again these estimates rargood agreement with the dissociation
constant obtainedin vitro from plasma samples employing equilibrium dialysis
(Kg: 0.043 nM for rats and 0.051 nM for humans, asudated by k= 1/K;) (162).

The total amount of the binding partner (DPP-4)malised to body weight was estimated
to be higher in rats compared to humans (46.0 tkkgal/ rats compared to 7.55 nmol/kg in
healthy volunteers and 17.0 nmol/kg in patients)satering a bioavailability of 29.5%).
So far no data for comparison have been publishedcent estimate based on differences
in the linagliptin distribution of wildtype and DPRdeficient rats indicated a total DPP-4
amount of 22 nmol in a 250 g rat corresponding8miol/kg (personal communication,
H. Fuchs).

4.2.2.3 Correlation between pharmacokinetics of linagliptin and DPP-4 activity

The maximum decrease in DPP-4 activity in type @bdiic patients was estimated to be
93.5% and 92.4% in Projects 1 and 3b, respectivdlis may be an underestimation of the
‘true’ maximum DPP-4 inhibitionn vivo due to sample dilution and addition of the
competitive substrate alanine-proline-7-amido-#toro-methylcoumarine during the
DPP-4 activity assay (cf. section 2.1.2).

The linagliptin concentration leading to half-maxim DPP-4 inhibition was determined
by a sigmoid Eax model to be 3.06 nM (Project 3b). This concertratis in line with
previous data from healthy volunteers in which acemtration of ~2—4 nM were estimated
to lead to 50% inhibition of the DPP-4 enzyme (103)
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4.2.2.4 Variability in the pharmacokinetic parameters of linagliptin

Absorption is apparently the major source of valigbin the pharmacokinetics of

linagliptin. After intravenous administration ohégliptin to rats (Project 5) and healthy
volunteers (Project 4) a very low variability inetllisposition of linagliptin was observed
(cf. Figure 3-16, Figure 3-19), whereas a moderaeability was apparent after oral
administration of linagliptin to healthy volunteeand type 2 diabetic patients (cf. Figure
3-17 and Appendix, Figure 16).

A moderate to high variability in the absorptioraph was also found during the investiga-
tion of inter- and intraindividual variability (Pject 3a). This was accounted for by an
inter-individual variability on the absorption paraters ¢F: 44.2%;0K,: 87.6%) and an
intraindividual variability on F«{F: 39.2%). A smaller variability was observed ire th
distribution and elimination parametetsBmax.c 29.6%;0Vc: 22.6%;0CL: 23.9%).

4.2.3 Covariate selection

An initial covariate analysis performed in Projéaising data from two phase lla studies
revealed no major impact of any tested covariat¢henpharmacokinetics and the plasma
DPP-4 inhibition of linagliptin except an unexplath study difference in the relative

bioavailability between studies | and II.

The initial covariate analysis was extended by yamad) the two phase lla studies and, in
addition, two phase llb studies together. The cexipl of the pharmacokinetic model and
the amount of analysed data led to extensively lamgtimes. Therefore, two separate
analyses, one for the pharmacokinetics and onthéopharmacokinetic/pharmacodynamic
relationship, were performed.

Of special interest were the effects of weight, agd sex on the pharmacokinetics and
DPP-4 inhibition of linagliptin, because no dedezhistudies are planned to investigate

these effects.

4.2.3.1 Covariates affecting the phar macokinetics of linagliptin

The structure of the target-mediated drug dispmsithodel developed in Project 1 was
used as the starting point for this analysis. Somdel parameters could not be estimated

and therefore had to be fixed according to thares#s obtained in Project 1. Neverthe-
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less, this model was preferred to a simpler maaelf allowed a physiologic interpretation

of the relevant covariates.

A significantly elevated relative bioavailabilityas estimated for study 1V, the add-on to
metformin study. In addition, the relative bioawaility decreased significantly with
increasing weight. The formulation and the dosaugrshowed a statistically significant
influence on the rate of absorption. The unboumrdrence tended to be decreased in case
of increased gamma-glutamyl transferase but tfieceas no longer significant when all
parameters were estimated together. The modellatgduconcentration of central binding
partner was influenced by pre-dose DPP-4 actidbse, age, and sex. In the following,
the effects of the statistically significant cowdes on the pharmacokinetics of linagliptin

are discussed in detail.

4.2.3.1.1 Age

For linagliptin, the covariate analysis revealedyan minor effect of age on its pharma-
cokinetics. An average increase of 13.8% in the A4dOf a 73-year-old patient compared
to a 42-year-old patient (representing th& @&d %' percentiles of the age distribution,
respectively) was found when 5 mg linagliptin weaken once daily. A significant effect
of age was only found on the concentration of @nbinding partner. The older the
patients, the higher were their,8 c values. In contrast, in a multiple regression ysial
using measured plasma DPP-4 concentrations of phmse correlation between age and
DPP-4 plasma concentration was observed (datahwetrg. Thus, it cannot be excluded
that the underlying physiological reason of the-dgpendent AUCssis not an increase of
plasma DPP-4 levels, but related to a change inhangharmacokinetic parameter of
linagliptin. Age-dependent changes in the distidout metabolism and excretion are
reported for many drugs (179). These changes off&ult in a reduced rate of elimination
in elderly patients and in an increased exposune.vblume of distribution of hydrophilic
drugs is often reduced in older patients due taiced total body water, whereas the
volume of distribution of lipophilic drugs is oftezlevated, due to an elevated fat mass
(180). With a positive log D value of 0.4, linadlipcan be considered a slightly lipophilic
drug and thus no major change in the volume ofildigion is expected for linagliptin. In
addition, elderly patients often exhibit a loweagha protein binding due to ~10% lower
serum albumin levels (181). The metabolic clearararebe reduced in elderly patients due
to a lower phase | metabolism, as well as a redngti blood flow or liver mass (182). In

addition, renal clearance is often reduced in ofuhrents. For linagliptin however, both
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metabolism as well as renal elimination are minathways as it is mainly excreted

unchanged via the faeces.

4.2.3.1.2 Weight

For linagliptin, only a small impact of weight wlmind on the exposure (5.9% and -8.7%
on the AUG ssafter administration of 5 mg once daily for tHedhd 9%' percentile of the
weight distribution). Weight was found as a covarifor the relative bioavailability;
however, since only linagliptin concentrations aibeal administration were included in
the combined analysis, it could not be differeetiatvhether weight indeed affected the
bioavailability or rather accounted for the varldpiin the apparent clearance and/or in the
apparent volumes of distribution. The second pdsggilwould be physiologically more
reasonable considering the typical pharmacokingtéculiarities in obese subjects
(183,184). Overweight subjects have a differerdutsscomposition compared to normal
subjects, characterised by a higher proportiondigpase tissue and lower proportions of
muscles and body water. Lipophilic drugs typicdifve a larger volume of distribution in
adipose patients, thus these patients often regigreer loading doses of lipophilic drugs.
In contrast, the pharmacokinetics of hydrophiliags is often not or only slightly changed
for these subjects. In addition, for obese subjeafssma protein binding (e.g. due to
hyperlipidemia), metabolism (e.g. due to a fatiaef) as well as renal (e.g. due to changes
in the glomerular filtration rate) and biliary elimation (e.g. due to gall stones) may also

be changed.

4.2.3.1.3 Sex

For linagliptin, a small sex-related differencetie pharmacokinetics was found, leading
to a 7% higher AUCssin females when 5 mg linagliptin was given oncegydd@he higher
exposure was found to be due to a higher concearirat the binding partner in the central
compartment for females. When co-estimating allac@ate effects and then performing the
backward elimination, the effect of gender op.E did no longer reach the required
statistical level, but was still kept in the mottal reasons of model stability. In accordance
with the marginally higher estimated levels of ttentral binding partner in females,
slightly but significantly higher plasma DPP-4 |&/evere found for females in a multiple
regression analysis using observed DPP-4 concemsatrom the phase IlIb studies (data
not shown). In general, pharmacokinetic differenties to sex are rare and if present they

are small (185,186). Sex-related differences in dogvity of some transporters and
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metabolizing enzymes were reported (186). Of thisagliptin pharmacokinetics might
be affected by P-glycoprotein, which shows a higbepression in males. The major
linagliptin metabolite CD1790 is produced by CYP3Adr which no sex-related differ-
ences have been reported. In addition, females halmver body weight and a lower

glomerular filtration rate which might possibly alsfluence linagliptin pharmacokinetics.

4.2.3.1.4 Other covariates

In study IV when linagliptin was given as add-onmetformin, a ~20% higher exposure
was observed compared to the mono-therapy linagliptudies. The effect was best
described by an increased bioavailability for teiady. A decreased clearance of lina-
gliptin, however, cannot be ruled out. An interantibetween metformin and linagliptin
affecting the linagliptin clearance might be poksibin a drug-drug interaction study, a
~20% higher linagliptin exposure was observed imloimation with metformin whereas
the Gnhax concentrations and the terminal half-lives wermparable (187). However, the
mechanism of a potential interaction between the t@mpounds remains unclear.
Metformin is not metabolised and mainly excretedatly via the organic cation trans-
porter 2 (OCT2), which is predominately expressedthe distal renal tubules (188).
Although linagliptin has been found to be a sultstfar OCT2in vitro (personal commu-
nication, W. Kishimoto), renal excretion plays agingible role in the elimination of
linagliptin (104). On the other hand, little infoation is available on the interaction of
metformin with other transporters such as P-glyotgn, which might influence the
absorption of linagliptin. Although the higher espoe of linagliptin on metformin
background treatment in study IV was in the rangseoved in the drug-drug interaction

study with metformin, a pure study effect cannotuded out.

Formulation and dose affected the rate of linagli@bsorption. The powder in bottle
solution (study 1) showed the fastest absorptiog (X933 h?), followed by the tablet
given in study Il (K: 0.795 hY), while the tablet of the formulation given in thidies I
and IV showed the slowest absorption;(B.441 h'). Differences due to the formulations
are unlikely as their bioequivalence was shownadichted bioequivalence studies. The
difference between studies I/ll and studies Ilifiight be due to the different sampling
schemes or the fact that in the phase llb studiresgliptin was to be taken with a meal
whereas it was to be taken fasted in the phasstutdies. In favour of the latter possibility,
a food effect study demonstrated that a high-faalmeduced the rate of absorption, with

the Gnax values being lowered by 15%. In the same studyinfioence of food on the
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extent of linagliptin exposure was found (persa@hmunication, U. Graefe-Mody). The
reason why dose affected the rate of absorptiamksiown. It might be speculated that

saturable processes in the absorption are involved.

The model estimated the concentration of centradlibg partner to be correlated with the
pre-dose DPP-4 activities. This physiologically ydénle correlation is in line with the
assumption that the concentration of central bigdgartner estimated by the model
actually reflected the monomer concentration ospla DPP-4 (cf. section 4.1.2). The

dose correlated slightly withBx c which might represent a minor model misspecifarati

When the impact of the covariates was tested stghamper model parameter, the only
statistically significant covariate found on theadance of unbound linagliptin was a minor
effect of the liver enzyme gamma-glutamyl transferalhe 98 percentile of the gamma-
glutamyl transferase distribution resulted in aicklly not relevant increase in the AUC of
1.4%. When all covariates were tested togetherctvariate effect of gamma-glutamyl
transferase on clearance was no longer statistisajhificant, also pointing out the minor
importance of this covariate effect. Thus, no majopact on the linagliptin pharmacoki-
netics resulted from the investigated liver enzynseigigesting that liver impairment does
not alter the pharmacokinetics of linagliptin. Haeg these results need to be confirmed
in a dedicated study including patients with digesgmptoms of liver disease as assessed
by the Child-Pugh score.

Creatinine clearance was not found to impact thagliptin clearance. This is in line with
the finding that the renal elimination of linagliptrepresents only a minor elimination
pathway (in the therapeutic dose range ~4% of itregliptin dose is eliminated via the
kidneys). In addition, in the investigated studies)y patients with no or mild renal
impairment were included (90% confidence intervdl aveatinine clearance: 65—
189 mL/min). The impact of moderately and seveigipaired renal elimination on the
pharmacokinetics of linagliptin needs to be furthefestigated. This is especially impor-
tant since renal impairment is common among typdidbetics. Furthermore, it was
recently shown that renal impairment can also &ffiee pharmacokinetics of drugs that,

like linagliptin, are predominantly eliminated bgnrenal processes (189).

4.2.3.1.5 Clinical relevance

Overall, the individual impact of the statisticaBignificant covariates, including weight,

age and sex on the AYEs of patients receiving 5 mg linagliptin once daigs less than
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+20%. Also the exploratively investigated covarialige creatinine clearance and liver
enzymes only showed a minor impact on the linaglipharmacokinetics, suggesting that
an impairment of renal or hepatic clearance iskeh}i to have a substantial impact on
linagliptin exposure. However, this needs to befiomed in dedicated studies including
also patients with severely impaired renal and tiemdearances. The low impact of the
individual covariates of less tha20% on the AUCss was regarded to be not clinically
relevant, making a dose adjustment based on thegariates unnecessary. Even the
combination of all covariates in a worst case sgenga with regard to the largest decrease,
-26% for the 5 mg dose, still regarded as effectigethe linagliptin exposure is in the
range of the 2.5 mg dose group (study I. gMean AddQ.5mg: 117 nM-h, 5 mg:
158 nM-h; study Il: gMean AUgs 2.5 mg: 116 nM-h, 5 mg: 148 nM-h). The worst case
with regard to the largest increase (+63%) for3hmg dose can still be regarded as safe
based on the safety data collected in the phasanidbin the first-in-man study where a

single dose of linagliptin up to 600 mg was admersd and well tolerated (103).

One reason for the lack of clinically relevant coates is the nonlinear pharmacokinetics
of linagliptin. The change in the relative bioawaility or clearance must be much more
pronounced in case of linagliptin compared to apouamd with a linear pharmacokinetics
to result in the same decrease or increase inxpesare (Table 4-3, cf. section 4.1.4.4).
Thus, even if a covariate affects the bioavailapir the clearance of unbound linagliptin,

the clinically relevant influence on the exposurdéreagliptin is much smaller.

Table 4-3 Change in bioavailability and clearance required to achieve an increase or decrease of
the steady-state exposure in terms of AUC, ss. For the pharmacokinetics of linagliptin a once daily

administration of 5 mg linagliptin was assumed.

Linear pharmacokinetics Pharmacokinetics of linagliptin
Change in Change in Change in Change in
bioavailability clearance bioavailability clearance
Increase in the exposure (AUC; ss) of 25% +25% -20 % +82% -42 %
Decrease in the exposure (AUC; ss) of 25% -25% +33% -68% +152%

4.2.3.2 Covariates affecting the phar macodynamics of linagliptin

The correlation between linagliptin plasma conaidn and plasma DPP-4 activity was
best described by a sigmoid,& model. The correlation between the individuals&£C

values and the pre-dose DPP-4 activities was takenaccount by assuming a covariate
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effect of the predicted individual pre-dose DPPetivities on EGy. The idea behind this
was that a higher pre-dose DPP-4 activity corredpda a higher DPP-4 plasma concen-
tration. A higher DPP-4 plasma concentration im taecessitates more linagliptin for half-
maximum DPP-4 inhibition to be reached, correspogdo a higher E&. By this coding
the covariates affecting the pre-dose DPP-4 agtalto have an indirect impact on §C
and EGoo

4.2.3.2.1 Age

In the covariate analysis age had no impact om@aBPP-4 activity. This is in line with
the observation by Corderet al. that the DPP-4 levels are not correlated to age. |
contrast, different groups reported a significaverse correlation between age and DPP-4
activity in healthy subjects (190) and type 2 diabpatients (178). Mannucet al. found

an inverse correlation in one group of type 2 di@lgatients and no correlation in another

group (177). Thus, the impact of age on DPP-4 #gtis only minor, if at all existent.

4.2.3.2.2 Weight

In accordance with published data from healthy ntdars (190) as well as from type 2
diabetic patients (177), neither weight nor bodyssnandex were found to influence the
DPP-4 activity.

4.2.3.2.3 Sex

Females had a higher pre-dose DPP-4 activity (Bl sus 10,700 RFU), and thus
higher EGp and EGgq, values compared to males. In contrast to our ffigsli Durinxet al.
reported slightly lower DPP-4 activity in femaldsah in males (plasma 23.2 U/L vs.
25.9 U/L), but these differences were no longenificant in their multiple regression
analysis (190). No correlation between the DPPvélteand sex was reported by Cordero
et al. (79). Thus, a sex-related difference in the DP&ctvity is only minor, if at all

existent.

4.2.3.2.4 Other covariates

In line with other studies (190-192), pre-dose DP&etivity was found to be correlated
with the liver enzymes gamma-glutamyl transferadanine transaminase, and aspartate

transaminase. However, due to the high correlabietween alanine transaminase and
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aspartate transaminase (cf. Appendix, Figure 28)y alanine transaminase and not
aspartate transaminase was implemented in therfiodgl.

The covariate analysis of Project 3b revealed eetairon between fasting plasma glucose
and pre-dose DPP-4 activity. This finding was nelwith the correlation reported between
HbAlc and fasting plasma glucose versus plasma D&Rivity in type 2 diabetic patients
(177,178). In these reports, also higher DPP-4viéies in type 2 diabetic patients com-
pared to healthy volunteers were found, contraaticthe results of Meneillgt al. (193).
Durinx et al. found only a small effect of glucose on the DPRetivity in healthy
volunteers in a multiple regression analysis (190is might be explained by the lower
plasma glucose concentration in healthy volunteBnsis, in type 2 diabetic patients the

plasma DPP-4 activity is apparently increased witheased plasma glucose levels.

The lipid parameters triglycerides and cholesterete both correlated to pre-dose DPP-4
activity. When additionally accounting for an effex triglyceride concentrations on the

ECs this covariate effect was negative, counteracthng influence of pre-dose DPP-4

activity. The correlation between cholesterol angl-gose DPP-4 activity was in line with

the findings of Durinxet al., whereas an inverse correlation with triglycerides reported

in the same article (190).

4.2.3.2.5 Clinical relevance

The statistically significant covariates were easdd for their influence on the k4 as
well as on the concentration leading to 80% DPRKbition. The individual impact of the
different covariates on both parameters was <20%&nEhe combined influence of all
significant covariates only changed the sE®alue from a minimum of 2.49 nM to a
maximum EGp value of 4.14 nM (E€sss minimum 4.44 nM and maximum 7.38 nM),
respectively. This may be compared to a mediammasoncentration at steady-state for
5 mg linagliptin once daily of 12.5nM at.& and 5.60 nM at {ugn (Cf. Appendix,
Figures 22, 23). Thus, based on this analysis & @oustment does not seem to be
justified for the tested covariates.
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4.3 Clinical trial simulations to support the development of
linagliptin

The nonlinear pharmacokinetics of linagliptin mamtedictions solely based on noncom-
partmental parameters difficult. Thus, the targetimted drug disposition model of
Project 1 was not only used to investigate the chpdDPP-4 binding on the pharmacoki-

netics of linagliptin, but also to support the aad development of linagliptin.

4.3.1  Simulation to evaluate an equivalent dose for a twice-daily

administration

During development of the fixed dose combinationlinfgliptin with metformin the
question for the adequate dose for a twice-daéigtiment of linagliptin was addressed by
simulations. It was predicted that despite the imear pharmacokinetics, 2.5 mg lina-
gliptin twice daily would result in bioequivalentAC,4, ssvalues as well as a similar DPP-
4 inhibition compared to 5 mg linagliptin once dgailThe likely reason for this is that
under steady-state conditions DPP-4 is nearly gtgdrover 24 h (cf. Figure 3-6, right
panel). Thus, linagliptin that is not bound to D#Behaves nearly linearly.

Based on this simulation, a cross-over study waslected in which 2.5 mg linagliptin
administered twice daily (test treatment T) wasegversus 5 mg linagliptin administered
once daily (reference treatment R) in 16 healthiumveers. The 90% confidence interval
of the adjusted gMean T/R ratio of the Aklsswas 89.49-98.51% and thus within the
acceptance interval of 0.80-1.25 (159,194). Theeebwth dosage regimens were consid-
ered bioequivalent with regard to the extent ofasxpe at steady-state. In addition, both
regimens resulted in a similar average trough DRhi#bition of 85.3% for the 5 mg once
daily regimen and 85.8% for the 2.5 mg twice-dadgimen. This bioequivalence study
confirmed the previous simulation and demonstr#tati the 2.5 mg linagliptin dose is the
adequate dose for a twice-daily regimen. Thus,n®5linagliptin given twice daily is

tested in combination with metformin in the phasg@iogramme.

4.3.2  Simulation to evaluate the impact of impaired clearance

In order to support the decision whether patients & moderate renal impairment were to
be included or excluded in phase llIb, the impadarofmpaired clearance on the nonlinear
pharmacokinetics of linagliptin was investigated.28% and a 50% reduction of the
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overall clearance was simulated. The fraction drdren urine after intravenous admini-
stration of linagliptin increased with dose withmeaximum of 23% in the 10 mg dose
group. Thus, a 25% reduction of the overall cleegamould correspond to a complete loss
of renal elimination. As renal impairment can adéfect other elimination pathways (189),

a 50% reduction of the overall clearance can bsidered as a worst case scenario.

The simulations revealed that for patients withyon5% or 50% of the clearance of a
typical patient, the exposures of linagliptin would average increase by 11% or 31%,
respectively. In contrast, when assuming linearriplaaokinetics the impact of an
impaired clearance on the exposure would be highzased on the equation
CL = FD/AUC the exposure is expected to increase byrd tiito double if the clearance
is reduced by 25% or by 50%, respectively (cf.isect.1.4.4).

4.3.3  Simulation of a design for a dose-proportionality study

Simulations suggested that a change-over studgnlegthout any washout between the
periods is adequate to assess dose-proportiomdldifferent dose strengths of linagliptin
tablets (1, 2.5, and 5 mg) at steady-state whetrélagment periods are at least seven days
long. Steady-state was predicted to be reachedidithe highest dose group (5 mg), and
the time to steady-state was predicted to increaitedecreasing doses. These predictions
are in line with the observed steady-state chamatitss reported in study | (104). Within
the simulated 1 mg dose group, steady-state wabkeddatest when linagliptin is adminis-
tered in the first period. This indicates that theng dose administered without any
previous linagliptin treatment is the treatmentedeiining the duration of the periods. For
this treatment group the time to reach steady-staté days as predicted by this simula-
tion and observed in study | (104). In conclusiaeministering linagliptin over seven days

is adequate to reach steady-state in each sequence.

4.3.4  Description and steady-state simulation of the drug-drug

interaction between linagliptin and ritonavir

Ritonavir is a potent inhibitor of CYP3A4 and P-gbprotein. In a drug-drug interaction
study the AUG.s of linagliptin increased 2-fold under comedicatiaith ritonavir. The
model-based analysis of Project 2d revealed atslighduced lag time, a 4-fold increase
in the bioavailability of linagliptin, and a 16% atease in the clearance of unbound

linagliptin under ritonavir comedication. The higitrease in bioavailability is plausible,
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considering that the absolute bioavailability watinreated to be ~30% with a high inter-
individual variability (values ranged from 12.9-8%) (cf. section 4.4). Due to the
nonlinear pharmacokinetics, a 4-fold increase oabailability does only result in a 2-fold
increase in AUG.i,+. Compared to the bioavailability, the clearanceimbound linagliptin

is predicted to be less affected by ritonavir. Tdwe impact predicted on the clearance of
linagliptin by ritonavir is in line with graphicahvestigations suggesting that the shapes of
the linagliptin plasma concentration-time profil@sre only slightly affected by ritonavir.
Also the half-lives were comparable between linzgii alone or in combination with
ritonavir. In light of the absence of its major admblite CD1790, normally representing
17% of all drug-related species in plasma, a deeraa the metabolic clearance of
unbound linagliptin under comedication of ritonagitikely. As the metabolic clearance is
only a minor elimination pathway of linagliptinJ@v impact on the overall clearance does

not contradict the current knowledge about linagligcf. section 1.3.2).

Differentiating between the impact of CYP3A4 or Igegprotein inhibition is difficult.
However, considering the minor extent of metabolaniinagliptin and the major impact
of ritonavir on the bioavailability of linagliptirit seems likely that the effect of ritonavir is

predominately driven by inhibition of P-glycoprateduring the absorption of linagliptin.

Simulations predicted that under ritonavir cometilicathe increase in linagliptin exposure
from the first dose to steady-state was small amdparable to linagliptin treatment alone.
The accumulation ratio of the AUC of linagliptin sva.13 when linagliptin was coadmin-
istered with ritonavir compared to 1.20 when limgih was given alone. Due to the near-
saturation of DPP-4 after the first 5 mg dose,abeumulation of linagliptin is predomi-
nantly dependent on the unbound fraction (cf. saci.1.4.4). Due to the low impact of
ritonavir on the clearance of unbound linagliptthe effective half-life and thus the
accumulation of unbound linagliptin were likewisaly slightly affected. Thus, as

observed after single dose, a ~2-fold increaseU Asswas predicted for steady-state.

The predicted typical AUGsof 5 mg linagliptin once daily in comedication lvititonavir
(293 nM-h) was far smaller than the Ay, of the single dose administration of 600 mg
linagliptin (33,010 nM-h) which was well-toleratekh addition, 10 mg linagliptin once
daily was shown to be well-tolerated over three ther{174). Both study results suggest
that a ~2-fold increase in the steady-state exjgostib mg linagliptin can be expected to

be safe. However, this needs to be confirmed héurstudies.
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4.4 Absolute bioavailability of linagliptin

4.4.1  Estimation of the absolute bioavailability of linagliptin despite

its nonlinear pharmacokinetics

The absolute bioavailability is the percentage hef administered dose that reaches the
general circulation (160). The standard approactietermine the absolute bioavailability
of a compound is to divide the dose-adjusted pbJBy AUC . (159,194). However, this
standard approach is only valid if the clearandeutated by CL = FD/AUC of a drug is

linear (160). This is not the case for linagliptin.

One possibility to keep the clearance comparabtevden the oral and the intravenous
treatment despite non-linear pharmacokinetics mitaic the profile after oral administra-
tion by the intravenous administration. Congrudasma concentration-time profiles after
intravenous and oral administration would thenvallo noncompartmental assessment of
the absolute bioavailability (195). This approadmsvattempted within this study. Based on
preclinical data, the absolute bioavailability veestimated to be ~50% (100). Therefore, a
5 mg intravenous dose was compared to a 10 mgttable cross-over design. As the
maximum concentrations after oral administratiomengenerally reached at a mediggkt

of 90 min in humans (104), the 5 mg intravenousedaeas infused over 90 min. However,
the profiles after intravenous and oral adminigirat differed substantially (cf.
Figure 3-17), making a meaningful noncompartmeasakessment of the absolute bioavail-
ability impossible. Applying the standard approafitomparing AUG,,. to AUGC,,. led to
dose-dependent estimates of the absolute bioaidyjlatanging from 12% (10 mg oral

compared to 0.5 mg intravenous) to 68% (10 mgaraipared to 10 mg intravenous).

Another possibility to estimate the absolute bidabdity in case of a nonlinear
pharmacokinetics is to divide the fraction excretewxally after oral administration by the
fraction excreted renally after intravenous adntraison (160). The prerequisites for this
approach are: (a) urine needs to be collected ainibst all the drug has been excreted, (b)
the ratio of renal clearance and total clearancstmat change after intravenous and oral
administration, and (c) renal elimination shoulgresent a major elimination pathway. As
the renal elimination is only a minor route of dlwation for linagliptin and the ratio of
renal clearance and total clearance increased iwnitteasing intravenous doses, this

approach was considered inadequate to estimatbwdute bioavailability of linagliptin.
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An alternative approach to determine the absoluteavailability despite nonlinear
pharmacokinetics is to use a population pharmaetkirmodel that accounts for the
nonlinear process. Estimating the absolute bioaldily by a population pharmacokinetic
model was successfully performed previously (196)1%hus, the plasma concentrations
after oral administration were analysed togethe wiose after intravenous administration
using the target-mediated drug disposition modsdjéet 4). The absorption of linagliptin
was described by a first-order process with lagetiirhe disposition of unbound linagliptin
and the binding of linagliptin to DPP-4 were assdrtebe identical within a subject after
intravenous and oral administration. In this wayvds possible to estimate the absolute
bioavailability. After accounting for the saturaliiending, the absolute bioavailability was
estimated to be 29.5% (range of individual valu&s9-60.8%).

4.4.2  Possible reasons for and consequences of the moderate

bioavailability of linagliptin

Linagliptin may be classified within the biopharmeatics classification system (BCS)
(198,199) as a class 3 drug: Linagliptin exhibitsigh agueous solubility in the pH range
of 1-7.5 and a low gastrointestinal permeabiliigsdd on the extent of absorption (parent
plus metabolite) as determined by a mass balanterndi@ation in humans (personal
communication, U. Graefe-Mody). Wu and Benet padad that drugs classified in the
BCS class 3 are poorly metabolised, but highly ddpat on transporters (200). This is in
line with the low metabolism observed for linagiipnd the elimination of primarily
unchanged linagliptin in the urine and faeces. Thasording to this theory, the moderate
absolute bioavailability of linagliptin may be eapied by transporters that prevent the
complete absorption of the drug. This explanatisnini line with the increase in the
exposure of linagliptin in the drug-drug interaatistudy with P-glycoprotein and CYP3A4
inhibitor ritonavir (cf. section 4.3.4).

Low to moderate bioavailability is often a majousme of variability in the pharmacoki-
netics of a compound (160,201). For example, gaerabsolute bioavailability of 5%, a
subject with a numerically small increase in thedbte bioavailability of another 5%
(10% in total) would have a 2-fold higher bioavhilay and thus a 2-fold higher exposure
assuming linear pharmacokinetics. For linagliptimg major source of variability is indeed

the absorption (cf. section 4.2.2.4).
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In addition, compounds with a low to moderate bakability exhibit a higher risk for
drug-drug interactions as the bioavailability allbwwom for an increased exposure (160).
Due to the absolute bioavailability of linagliptifi ~30%, the absolute bioavailability can
rise ~3.4-fold. Indeed, a ~4 fold increase was onlegkin the bioavailability of linagliptin
under comedication with ritonavir (cf. Project 2thrresponding to the worst case of a
drug-drug interaction on the bioavailability of digliptin, as the bioavailability under
ritonavir comedication is most likely in averaged8%. Due to the nonlinear pharmacoki-
netics of linagliptin, the maximum 4-fold increasethe absolute bioavailability was only

related to a 2-fold maximum increase in the AUC.

4.5 Impact of pharmacometrics on the drug development of
linagliptin

Different publications describe the potential imipat pharmacometrics on the develop-
ment of a drug (115,117,131,132). In this sectiba,impact of the results of this thesis on

the clinical development of linagliptin is outlined

4.5.1  Understanding and characterizing the nonlinear pharmaco-

kinetics of linagliptin in the therapeutic concentration range

One major objective of this work was to contribtdea better understanding and charac-
terisation of the nonlinear pharmacokinetics ofgjhptin in the therapeutic dose range.
For compounds with nonlinear pharmacokinetics,raddpth understanding of the reasons

for their nonlinearity is important to allow a safied efficacious therapy.

A population analysis was used to test differenidtligeses for mechanisms resulting in
nonlinear pharmacokinetics in a clinical setting. mModel assuming concentration-
dependent protein binding of linagliptin to DPPr4plasma and tissues resulted in the best
description of the plasma concentrations. Thisagsion was confirmed by a subsequent
nonclinical study comparing the pharmacokineticsmititype and DPP-4-deficient rats.
Both analyses corroborated the hypothesis that esdration-dependent binding of
linagliptin to plasma and tissue DPP-4 is respdadir the nonlinear pharmacokinetics of

linagliptin.

The target-mediated drug disposition of linagliptiss several clinically relevant implica-

tions (cf. section 4.1.4.4). Alterations of the dwailability or the clearance of unbound
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linagliptin, e.g., only translate to relatively dinghanges in its AUCss a parameter often
considered as a correlate for safety and efficacy.

By analytical methods it would not have been pdssib determine the fraction of free
linagliptin or linagliptin specifically bound to R4, especially in peripheral tissues and
for low plasma concentrations where nearly all labde linagliptin is bound to DPP-4.
The target-mediated drug disposition models dewzlopithin Projects 1 and 5 allowed to
differentiate between bound and unbound linagliptiplasma and peripheral tissues and

thus allowed further insights into the nonlineaaphacokinetics of linagliptin.

4.5.2 Covariate analysis

In a written response to a briefing package, thé RiQreed that no further studies were
necessary to investigate the impact of age, sex,vaight on the pharmacokinetics of
linagliptin. Thus, the population pharmacokinetitalysis presented in Project 3a saved
three dedicated phase | studies to investigateetfestors. The population analysis, in
contrast to phase | studies, also allowed to inyats the impact of covariate combinations
on the pharmacokinetics and the pharmacokineticipheodynamic relationship of

linagliptin. None of the investigated covariatesrnaats a dose adjustment of linagliptin
due to their clinically irrelevant impact on thegpmacokinetics or the plasma concentra-
tion/plasma DPP-4 activity relationship. Thus, rdjuatment of the linagliptin dose is

required for e.g. elderly or overweight patientsn@ifying the therapy and thereby

making it safer.

4.5.3 Clinical trial simulations

In case of the nonlinear pharmacokinetics of lindgl the availability of a semi-
mechanistic model greatly helped to design futtweliss. The simulation of an adequate
linagliptin dose for a twice-daily treatment reaqrfor the fixed dose combination with
metformin (Project 2a) saved one exploratory dasdirig study. Furthermore, it allowed
the development of the fixed dose formulation trtsearlier, accelerating the fixed dose

combination programme by about one year.

The simulation of the impact of impaired linagliptlearance on the linagliptin exposure
(Project 2b), alongside other considerations (digh safety margin, predominantly

eliminated by nonrenal processes), allowed inclgidpatients with a moderate renal
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impairment in the phase Ilb programme. Includingsth patients represented the type 2
diabetic population better, as they often suffenfrrenal impairment, and thus allowed to
investigate the impact of moderate renal impairnoenthe pharmacokinetics of linagliptin

in phase llb.

The change-over design simulated for the dose-ptiopally study in Project 2c helped to
reduce the study duration by the length of two washperiods 0£35 days each.

Furthermore, the model-based analysis of the phavkmaetics of linagliptin under
comedication with ritonavir suggested that coadstiation with ritonavir resulted in a
4-fold increase in bioavailability and a 16% deesean the clearance of linagliptin
(Project 2d). Based on these assumptions, a simlaf the steady-state exposure of
linagliptin was conducted. As observed after sirdgise, the simulation predicted a 2-fold
increase in the AUC at steady-state for linagliptmder comedication with ritonavir. No
major accumulation for linagliptin was predictecheBe results, alongside other criteria,
led to the evaluation that no dose adaptation iguired for patients receiving
P-glycoprotein or CYP3A4 inhibitors in comedicatiddowever, this needs to be con-
firmed by future studies.

4.5.4  Further applications of the model

Without a population model that accounted for tlomlimear pharmacokinetics of lina-
gliptin it would have been difficult to determinieet absolute bioavailability of linagliptin.

With the developed model the absolute bioavailgbilvas estimated to be ~30% (Pro-
ject 4). Knowledge of the absolute bioavailabiigyimportant to identify possible sources

of variability and to anticipate possible underowerexposures of a compound.

4.5.5 Outlook

Plasma DPP-4 inhibition is a valid proof-of-meclsamibiomarker. It provides evidence of
target engagement and is correlated to glucoserilogveas shown for various DPP-4
inhibitors (105,106). In a future model developmstep, disease-related biomarkers which
are more intimately linked to clinical outcome swashglucose or HbAlc may be included
into the model. Using such an extended model, &ationship between linagliptin
exposure and/or DPP-4 activity and disease-relaitedarkers could be characterised, and
factors impacting the biomarker response coulddkatified. Thus, one might differentiate
subgroups of patients highly benefiting from linpgh treatment and potential non-



4 Discussion 139

responders. A disease model quantifying the relahigp between glucose and HbAlc, the
natural disease progression, and a placebo effeatdwto a high degree be compound-
independent. Such a glucose/HbAlc model would allmvg-term predictions based on

short-term data, and would thus be of great helgesigning phase llb and phase lll trials
for the development of subsequent antidiabetic @amgs. An example for a disease
model applicable for different compounds is the @urssize survival model for non-small

cell lung cancer (202). Also in the field of diabgt different compound-independent
approaches exist, e.g. a glucose-insulin model ribésg glucose tolerance test data
(203,204). Such models, quantitatively summarizangr knowledge of the compound and

the disease, will guide and thereby improve futtirdcal drug development (202).
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Summary

Linaglipin is a novel dipeptidyl-peptidase 4 (DPPHahibitor in clinical development for

the treatment of type 2 diabetes. This thesis ty&t®d the nonlinear pharmacokinetics of
linagliptin as well as the relationship betweenaghptin pharmacokinetics and plasma
DPP-4 activity using nonlinear mixed-effect modwedli The developed models supported

the clinical drug development of linagliptin byrgtal trial simulations.

Based on previous vitro plasma protein binding studies, concentration-ddpet protein
binding was considered to be the most likely caafsdhe nonlinear pharmacokinetics of
linagliptin. This hypothesis was tested by analgdinagliptin plasma concentrations and
plasma DPP-4 activities from two phase lla studietype 2 diabetic patients. A model
assuming concentration-dependent protein bindindinafgliptin in plasma and tissues
resulted in the best description of the linaglippilasma concentrations, supporting the
initial hypothesis. Several lines of evidence swige that the binding partner of lina-
gliptin responsible for the nonlinear pharmacokueeis its target, DPP-4. Accordingly,
plasma DPP-4 activity was included in the moded semi-mechanistic way by relating it
to the model-calculated plasma DPP-4 occupancy Vintgliptin. The assumption of
target-mediated drug disposition was confirmed subsequent nonclinical study. In this
nonclinical study, wildtype rats exhibited a higlsgstemic exposure and a longer terminal
half-life of linagliptin compared to DPP-4 deficiemats. These differences could be
described by a single pharmacokinetic model assgroancentration-dependent protein
binding in the plasma and tissue of wildtype ratd ao binding for DPP-4 deficient rats.
Taken together, both analyses suggest that coatiemtdependent binding of linagliptin
to plasma and tissue DPP-4 is responsible for tdimear pharmacokinetics of lina-
gliptin.

The nonlinear pharmacokinetics of linagliptin corogle predictions that are based solely
on noncompartmental parameters. The availabilittheftarget-mediated drug disposition
model allowed simulations that greatly supportesl dlesign of future clinical studies. A
twice-daily dosing strategy for a fixed dose conaltion of linagliptin with metformin was
simulated. The simulations predicted that despigertonlinear pharmacokinetics, 2.5 mg
linagliptin twice daily would result in a bioequieat extent of exposure (AUGhs9 as

well as a similar DPP-4 inhibition compared to 5 limggliptin once daily. Other simula-
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tions demonstrated that due to its nonlinear pheokiaetics, the impact of impaired
linagliptin clearance on the systemic exposure sudiciently small to allow patients with
a moderate renal impairment to participate in thasg Ilb programme. Further simula-
tions were performed to investigate the optimaktion of a treatment period in a change-
over design to adequately test the dose-propotitgrad linagliptin at steady-state. It was
shown that a treatment period of seven days wdgisut to attain steady-state for 1, 2.5,
and 5 mg linagliptin once daily in each sequenoeaddition, steady-state exposure of
linagliptin under ritonavir comedication was sinteld based on a pharmacokinetic model
describing the single dose plasma concentratior-pnofiles from a drug-drug interaction
trial. The simulation predicted a 2-fold increasehie AUG sswith no major accumulation

of linagliptin under ritonavir comedication.

Covariate analyses were performed to identify clitly relevant covariates for the
pharmacokinetics and the pharmacodynamics of liptagl The analyses were based on
linagliptin plasma concentrations and DPP-4 acgsibf type 2 diabetic patients from two
phase lla and two phase IlIb studies. Demograplfecrration, laboratory values including
liver enzymes and creatinine clearance, as wedtady related factors like metformin co-
treatment were investigated. None of the covariatdwidually affected the AU(Css of
patients receiving 5 mg linagliptin once daily byma thant20% and thus no covariate
was considered to be clinically relevant. Likewibes impact of the covariates on thesEC
or the concentration leading to 80% DPP-4 inhibitizas less than20%. Based on these

analyses, no dose adjustment is expected to besegeor the tested covariates.

For compounds with nonlinear pharmacokinetics, dtamdard approach to determine the
absolute bioavailability is not valid. Thus, lingagin plasma concentrations after single
oral administration of 10 mg linagliptin and singhtéravenous administrations of 0.5, 2.5,
5, or 10 mg linagliptin were analysed by the targetiated drug disposition model. Using
this approach, the absolute bioavailability could &stimated despite the nonlinear

pharmacokinetics. The absolute bioavailability wasmated to be 29.5%.

In conclusion, the work presented in this thesistigoutes to a comprehensive understand-
ing and characterisation of the nonlinear pharmaatics of the novel DPP-4 inhibitor
linagliptin and significantly supports the cliniadvelopment of this promising compound

to be used for the treatment of type 2 diabetes.
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Appendix

A-1 Tables

Table 1 Validated linagliptin concentration ranges and measurement sites of the studies investi-

gated

Study Validated range [nM] Measurement site

I 0.106 - 106 Boehringer Ingelheim
Il 0.106 - 106 Boehringer Ingelheim
1] 0.100 - 100 Covance Laboratories
\ 0.100 - 100 Covance Laboratories
\Y 0.100 - 20 Covance Laboratories
Vi 0.100 - 100 Boehringer Ingelheim

Vil 0.100 - 100 Boehringer Ingelheim
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Table 2 Inaccuracy and imprecision of plasma quality control samples of the studies investigated

Study Nominal Number of Inaccuracy® [%)] Imprecision® [%]
concentration of replicates

quality control

sample [nM]
| 0.265 34 1.0 3.9
5.29 34 3.1 2.6
84.6 33 -6.2 2.9
1l 0.265 74 1.4 3.6
5.29 74 4.2 3.5
84.6 74 -7.3 3.6
1 0.250 62 1.2 11.4
5.00 64 1.8 4.9
80.0 64 -4.6 3.9
\Y, 0.250 84 1.6 7.3
5.00 84 2.0 5.6
80.0 84 -3.4 5.5
\% 0.250 16 -14.0 7.1
1.00 16 -0.9 5.2
15.0 16 -6.0 3.9
Vi 0.250 24 4.5 6.1
5.00 24 5.2 4.2
80.0 24 -1.1 3.5
VI 0.250 23 -3.4 12.4
5.00 23 -0.7 6.4
80.0 24 -5.8 6.8

2 Assay inaccuracy was determined as the percent deviation of replicate analyses from the nominal value

in quality control samples.

2 Imprecision was calculated as the coefficient of variation of the quality control samples.
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Table 3 Sampling scheme for linagliptin plasma concentration and plasma DPP-4 activity in

studies | and Il

Sample type Study Day Time

Single-dose | 1 Before and 0.5, 1, 1.5, 2, 3, 4,6, 8, and 12 h
profile " 1 after first administration

Chrough levels I 2-11 Before linagliptin administration

during treatment
Il 2, 6,12, 19, 26, 27

Overnight sample | 11 18 h after drug administration of day 10 or 27,
respectivel
I 28 pectively
Steady-state I 12 Before, 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 12 h after
profile last administration
1] 28
Samples after last | 13, 14, 16, 18, 20 In the morning
dose

Il 29, 30, 33, 36, 39, 41, 43

Table 4 Distribution of categorical covariates in Project 1

Covariate Categories Number of patients
(percentage)
Alcohol status No alcohol 39 (31.5%)
Average alcohol consumption, during 85 (68.5%)

studies alcohol was not allowed

Study | 47 (37.9%)

I 77 (62.1%)

Sex Male 119 (96.0%)
Female 5 (4.0%)

Smoking status Never smoker 56 (45.2%)

Ex-smoker 50 (40.3%)

Current smoker, during studies 18 (14.5%)

smoking was not allowed
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Table 5 Distribution of continuous covariates in Project 1

Covariate Unit N Mean Median Range 5" Percentile 95" Percentile
Age years 124 58.6 61 36-69 44 68
Weight kg 124 89.4 89 64-121 71.2 111.9
Height cm 124 176.7 177 159-198 166 186.9
Body mass kg/m® 124 28.8 28.7 20.4 -34.9 23.3 33.9
index

Body surface m? 124 207 2.07 1.71-2.55 1.81 2.36
area

Serum mg/dL 124 0.98 1.01 0.6-1.15 0.71 1.11
creatinine

Creatinine mL/min 124 105.2 101.2 61.4-208.9 67.4 145.6
clearance

Urea mM 124 291 2.93 1.42-4.25 2.19 3.51
Alanine U/L 124 38.3 33.6 8.71-115.7 17.9 69.5
transaminase

Aspartate U/L 124 32.3 30.0 11.0-93.9 16.0 59.5
transaminase

Alkaline U/L 124 117.6 106.6 14.6-288.3 52.7 191.2
phosphatase

Gamma- U/L 124 39.1 30.7 9.3-276.6 14.9 91.2
glutamyl

transferase

Bilirubin mg/dL 124 0.61 0.55 0.26-2.15 0.28 1.15
Creatine uU/L 124 209.6 188.4 76.8-492.4 99.3 405.2
kinase

Cholesterol mg/dL 124 187.9 188.5 142.6-237.0 153.5 220.5
C-reactive mg/dL 124 0.21 0.17 0-1.15 0.05 0.46
protein

Triglycerides mg/dL 124 176.1 164.1 71.7-445.7 89.9 324.9
Fasting plasma mM 124 8.55 8.35 5.11-13.99 5.80 12.0

glucose
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Table 6 Distribution of the number of subjects and pharmacokinetic and pharmacodynamic

observations per dose group in Project 1

Linagliptin Number of Percentage Number of Percentage Number of Percentage

dose group subjects of total PK of total PK PD of total PD

[mg] subjects [%] observations observations observations observations
[%] [%]

Before 0 0 0 0 201 4.6

treatment

Placebo 28 22.6 0 0 937 215

1 9 7.3 313 9.8 315 7.2

25 35 28.2 1,169 36.4 1,169 26.9

5 24 19.4 786 24.5 786 18.1

10 28 22.6 942 29.3 942 21.7

Total 124 100 3,210 100 4,350 100
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Table 7 Distribution of categorical covariates in Project 3a

Covariate Categories Number of patients

(percentage)

Alcohol status

No alcohol
Average consumption

Above-average consumption

199 (43.07%)
261 (56.49%)

2 (0.43%)

Study [ 35 (7.58%)
I 61 (13.20%)
1] 170 (36.80%)
v 196 (42.42%)
Ethnic origin Caucasian 429 (92.86%)
Black 8 (1.73%)
Asian 7 (1.52%)
Hispanic 18 (3.90%)
Sex Male 302 (65.37%)
Female 160 (34.63%)

Smoking status

Never smoker

Ex-smoker

Current smoker

254 (54.98%)
150 (32.47%)

58 (12.55%)

Treatment group

0.5 mg linagliptin
1 mg linagliptin
2.5 mg linagliptin
5 mg linagliptin

10 mg linagliptin

58 (12.55%)
74 (16.02%)
92 (19.91%)
145 (31.39%)

93 (20.13%)

Formulation

Powder in bottle
Tablet of study Il

Tablet of studies Il + IV

35 (7.58%)
61 (13.20%)

366 (79.22%)

Add-on to metformin

No

Yes

266 (57.58%)

196 (42.42%)
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Table 8 Distribution of continuous covariates using the baseline values in Project 3a

Covariate Unit  Number Mean Median Range 5 95"
Percentile Percentile

Age years 462 59.1 60 30-78 42.0 73.0
Weight kg 462 90.3 88.6 57-132 67.1 117.0
Height cm 462 170.5 171 146-198 155 185
Body mass index kg/m2 462 31.0 30.6 20.4-42.2 25.1 38.9
Body surface area m? 462 2.02 2.02 1.56-2.56 1.70 2.37
Serum creatinine mg/dL 462 0.86 0.85 0.45-1.69 0.59 1.12
Creatinine clearance mL/min 462 177.9 112.2 47.9-318.1 65.0 188.9
Urea mM 462 3.11 3.04 1.42-5.74 2.30 4.18
Alanine transaminase U/L 462 35.2 28.8 0-232 9.6 81.7
Aspartate transaminase uU/L 462 26.8 20.8 0-236.5 5.7 65.2
Alkaline phosphatase U/L 462 154.2 147.3 14.6-513.5 69.2 255.2
Gamma-glutamyl U/L 462 56.8 34.3 -1.9-1,048.2 9.4 157.4
transferase

Bilirubin mg/dL 462 0.42 0.36 0.02-2.15 0.13 0.93
Creatine kinase U/L 462 207.1 183.0 51.3-924.7 89.4 425.5
Cholesterol mg/dL 462 181.5 179.9 14.5-507.2 94.3 279.6
C-reactive protein mg/dL 462 0.32 0.17 0-3.94 0.06 1.03
Triglycerides mg/dL 462 208.7 163.7 8.9-4,363.1 56.1 482.5
Fasting plasma glucose mM 462 10.0 9.9 5.1-20 6.5 13.7
Pre-dose DPP-4 activity RFU 462 12,809 12,497 1,075- 8,033 18,618

47,519
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Table 9 Distribution of the number of subjects and pharmacokinetic observations per dose group in

Project 3a

Linagliptin dose Number of Percentage of total Number of PK Percentage of total
group [mg] subjects subjects [%0] observations observations [%]
Pre-dose values 0 0 9 0.1

setto O

0.5 58 12.55 541 7.8

1 74 16.02 988 14.3

25 92 19.91 1,736 25.1

5 145 31.39 1,989 28.8

10 93 20.13 1,644 23.8

Total 462 100 6,907 99.9




166

Appendix

Table 10 Parameter estimates of the base pharmacokinetic model of Project 3a

Unit Estimate
Typical parameter
F % 100 fix
Fstudy v % 151
Ka ht 0.549
Vc/F L 713
Qp/F L/h 412 fix
Vp/F L 1,650 fix
CL/F L/h 243
Bmax,c nM 4.82
Kd nM 0.0652 fix
Amax,p/F nmol 1,650 fix
Inter- and intraindividual variability
wF CV% 44.2
Correlation wF/ wCL -0.704
wCL CV% 23.9
wKa CV% 87.6
wVe CV% 22.6
WBmax,c CV% 29.6
mF CV% 39.2
Residual variability
Oprop,phase lla”) % 13.6
Oprop,phase llb) % 38.1

1)

Estimated based on log-transformed data
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Table 11 Covariates selected during the different steps of the covariate analysis in Project 3a

Covariate tested within Explora- GAM Covariate Special Selected
NONMEM tory Selection interest within
analysis (Project 1) NONMEM
uls Age X X
Dose group X
Height” X
Weight X X
Sex X
Study IV (metformin X

comedication)®

nCL/F Age X X
Dose group X

Alanine transaminase X X X
Triglycerides X

Creatinine clearance X X

Metformin comedication

Gamma-glutamyl X X X
transferase
C-reactive protein X
Alkaline phosphatase X
Weight X
Sex X
NKa Formulation X X
Dose group X X X
Body surface area X
Age X
Weight X

Sex X




168 Appendix

Table 11 Covariates selected during the different steps of the covariate analysis in Project 3a

(cont.)
Covariate tested within Explora- GAM Covariate Special Selected
NONMEM tory Selection interest within
analysis (Project 1) NONMEM
NBmax.c Pre-dose DPP-4 activity X X X
Dose group X X
Age X X X
Aspartate transaminase X X
Triglycerides X
Alkaline phosphatase X
C-reactive protein X
Metformin comedication X
Serum creatinine X
Weight X
Sex X X
nVc/F Creatinine clearance X
Age X
Weight® X X
Sex X

D Not further tested, highly correlated to weight, weight resulted in a higher drop in OBJF and was

physiologically more plausible

2 Selected during base model development

¥  When testing the remaining covariates together in one run, the effect of weight on volume was no longer

significant. Thus, only the effect of weight on the bioavailability was retained in the final model, not the
effect of weight on V.
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Table 12 Distribution of categorical covariates in Project 3b

Covariate Categories Number of patients
(percentage)
Alcohol status No alcohol 251 (41.35%)

Average consumption

Above-average consumption

353 (58.15%)

3 (0.49%)

Study

\

47 (7.74%)
77 (12.69%)
216 (35.58%)

267 (43.99%)

Ethnic origin

Caucasian
Black
Asian

Hispanic

559 (92.09%)
15 (2.47%)
11 (1.81%)

22 (3.62%)

Sex

Male

Female

401 (66.06%)

206 (33.94%)

Smoking status

Never smoker

Ex-smoker

Current smoker

336 (55.35%)
195 (32.13%)

76 (12.52%)

Add-on to metformin

No

Yes

340 (56.01%)

267 (43.99%)
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Table 13 Distribution of continuous covariates using the baseline values in Project 3b

Covariate Unit Num- Mean Median Range 5t 95"
ber Percentile Percentile
Age years 607 59.2 60 30-78 43 72
Weight kg 607  90.4 89 55-138 67 117
Height cm 607 170.7 172 142-198 155 185
Body mass index kg/m2 607 31.0 30.6 20.4-42.2 25.0 38.7
Body surface m? 607 2.02 2.02 1.54-2.63 1.69 2.37
area
Serum creatinine mg/dL 607 0.86 0.85 0.45-1.69 0.60 111
Creatinine mL/min 607 117.9 112.9 47.9-318.1 67.9 191.8
clearance
Urea mM 607 3.09 3.06 1.42-5.74 2.27 4.06
Alanine u/L 607 35.7 29.4 0-232 10.6 81.7

transaminase

Aspartate U/L 607 26.9 20.8 -1.9-236.5 5.8 63.2
transaminase

Alkaline U/L 607 150.7 1431 14.6-513.5 68.9 251.8
phosphatase

Gamma-glutamyl U/L 607 57.4 35.1 -1.9-1,048.2 9.5 161.8
transferase

Bilirubin mg/dL 607 0.41 0.35 0.01-2.15 0.13 0.88
Creatine kinase uU/L 607 207.6 183.0 51.3-924.7 86.2 430.7
Cholesterol mg/dL 607 179.3 1775 14.5-507.2 91.7 273.9
C-reactive protein mg/dL 607 0.30 0.17 0-3.94 0.10 0.94
Triglycerides mg/dL 607 207.7 167.7 8.9-4,363.1 56.4 473.6
Fasting plasma mM 607 9.99 9.88 5.11-20 6.66 13.7

glucose
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Table 14 Distribution of the number of subjects as well as pharmacokinetic and pharmacodynamic

observations per dose group in Project 3b

Linagliptin dose Number of Percentage of Number of PK and  Percentage of total
group [mg] subjects total subjects [%] PD observations observations [%]
Placebo 160 26.4 2,410" 24.9

0.5 53 8.7 545 5.6

1 74 12.2 1,055 10.9

2.5 87 14.3 1,803 18.6

5 140 23.1 2,108 21.8

10 93 15.3 1,753 18.1

Total 607 100 9,674 100

Y The linagliptin plasma concentrations were set to zero for all placebo patients.

Table 15 Parameter estimates of the base pharmacokinetic/pharmacodynamic model of Project 3b

Unit Estimate RSE [%]

Typical Parameter

BSL RFU 11,600 1.03
Emax % 92.5 0.12
ECso nM 2.97 1.69
Hill 3.21 1.90
BSL_ECso” % 6.96°10" 7.31
Interindividual variability

wBSL CV% 21.6 8.84
WECso CV% 18.4 13.8
Residual variability

Oprop % 15.7 7.22

D ECs0i = EC50'(1+BSL_EC50)'(BSLi-BSL))'eXp(n EC50)
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Table 16 Covariates selected during the different steps of the covariate analysis in Project 3b

Covariate tested within Exploratory GAM Selected within
NONMEM analysis NONMEM
nBSL Fasting plasma glucose X X X
Alanine transaminase X X X
Aspartate transaminase X X X
Gamma-glutamyl transferase X X X
Cholesterol X X X
Creatine kinase X
C-reactive protein X
Triglycerides X X
Sex X X X
Alcohol status X
Study X X X (study 1)
Dose group X
Ethnic origin X X X (Asian)
NECso Fasting plasma glucose X X
Alanine transaminase X X
Aspartate transaminase X X
Alkaline phosphatase X
Gamma-glutamyl transferase X X
Dose group X X
Study X X X
Age X
Serum creatinine X

Triglycerides X X
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Table 17 Distribution of the number of subjects and pharmacokinetic observations per dose group

in Project 4
Linagliptin dose Number of Percentage of total Number of PK Percentage of total PK
group [mg] Subjects subjects [%] observations observations [%]
0.5i.v. 6 21.4 144 16.7
25iv. 6 21.4 144 16.7
5i.v. 245 28.4
10 35.7
10 p.o. 185 215
10 i.v. 6 21.4 144 16.7
Total 28 100 862 100

Table 18 Mean (xSD) animal weights per dose group and rat strain in Project 5

Dose group linagliptin Animal weight (=SD) [g]

[mg/kg] - .
DPP-4-deficient rats Wildtype rats

0.01 NA 249 (12.2)

0.1 250 (12.0) 258 (3.7)

0.3 255 (8.8) 266 (9.0)

1 224 (3.1) 233 (5.4)

NA, not applicable

Table 19 Distribution of pharmacokinetic observations per dose group and rat strain in Project 5

Dose group DPP-4-deficient rats Wildtype rats
linagliptin [mg/kg]
Number of Percentage of total Number of Percentage of total
observations observations [%] observations observations [%]
0.01 NA NA 26 21.5
0.1 20 32.8 32 26.45
0.3 20 32.8 32 26.45
1 21 34.4 31 25.6
Total 61 100 121 100

NA, not applicable
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Figure 1 Scatter plots and distributions of the continuous demographic covariates in Project 1.
AGE, age (years); WT, weight (kg); HGT, height (cm); BMI, body mass index (kg/mz); BSA, body

surface area (mz).
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Figure 2 Scatter plots and distributions of the continuous laboratory covariates in Project 1. SCR,
serum creatinine (mg/dL); CRCL, creatinine clearance (ml/min); UREA, urea (mM); ALT, alanine
transaminase (U/L); AST, aspartate transaminase (U/L); AP, alkaline phosphatase (U/L); GGT,
gamma-glutamyl transferase (U/L); BIL, total bilirubin (mg/dL); CK, creatine kinase (U/L); CHOL,
cholesterol (mg/dL); CRP, C-reactive protein (mg/dL); TRIG, triglycerides (mg/dL); FPG, fasting
plasma glucose (mM); DPP, pre-dose DPP-4 activity (RFU).
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Figure 3 Plasma concentration-time profiles per dose group of studies | (left panels) and Il (right

panels).
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Figure 4 Plasma DPP-4 activity-time profiles per dose group of studies | (left panels) and Il (right

panels).
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Figure 5 Log-likelihood profiles of the model parameters accounting for the concentration of central
binding partner (Bmaxc) and the amount of peripheral binding partner (Anaxp). The solid horizontal
line indicates the cut-off at which the change in the OBJF becomes statistically significant, 3.84 in
this case. The 95% confidence intervals for Bnaxc and Amaxp are represented by the points of

intersection of the solid horizontal lines and the log-likelihood profiles.
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Figure 6 Standard goodness-of-fit plots for the pharmacokinetic part of the final population

pharmacokinetic/pharmacodynamic model in Project 1.
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Figure 11 Visual predictive checks. 1,000 patients per treatment group were simulated based on
the final population pharmacokinetic model of Project 2d. The solid lines show the 90% confidence
interval and the median of the simulated concentration-time profiles. The observed linagliptin
plasma concentrations are displayed as dots.
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Figure 14 Scatter plots and distributions of the continuous demographic covariates in Project 3a.
AGE, age (years); WT, weight (kg); HGT, height (cm); BMI, body mass index (kg/m?); BSA, body
surface area (m?).
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Figure 15 Scatter plots and distributions of the continuous laboratory covariates in Project 3a.
SCR, serum creatinine (mg/dL); CRCL, creatinine clearance (ml/min); UREA, urea (mM); ALT,
alanine transaminase (U/L); AST, aspartate transaminase (U/L); AP, alkaline phosphatase (U/L);
GGT, gamma glutamyl transferase (U/L); BIL, total bilirubin (mg/dL); CK, creatine kinase (U/L);
CHOL, cholesterol (mg/dL); CRP, C-reactive protein (mg/dL); TRIG, triglycerides (mg/dL); FPG,
fasting plasma glucose (mM); DPP, pre-dose DPP-4 activity (RFU).
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Figure 16 Linagliptin plasma concentrations at steady-state per dose group, time interval, and

study (Project 3a).



Appendix 187

50
= = 40 -
=
= Z
S ° 5
S = 301
= [8)
5 5 o
2 (&)
Q ° S o o
4 b o ©
.5 c_g 20 0© °, ®°©°
kS| S 00®@ 8 e °
a % o ® ooo °
o c 10 4 o
o - o
RS}
O -
0 10 20 30 40 50 0 10 20 30 40 50
Observed linagliptin plasma concentration [nM] Observed linagliptin plasma concentration [nM]
15 15
10 °
— o
8 ° 4
OO ° o
(2] 0 4 [©]
I g ° g
> >
3 3 ° &
8 g © 2
oS S SN
) 2 5 ©
ey ey oO
=) =) ]
() () *
= = 10 A 8e° 8
° f
° 8
-15 - S
Q
]
'20 T T T T T

001 01 1 10 100 1000 10000

Population prediction [nM] Time after dose [h]

Figure 17 Standard goodness-of-fit plots of the post-hoc estimates of study Il derived by applying

the base model of Project 1.
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Figure 21 Visual predictive checks. 1,000 linagliptin plasma concentration-time profiles were

simulated per dose group and study based on the base population pharmacokinetic model of
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concentration-time profiles. The observed linagliptin plasma concentrations are displayed as dots.

Only steady-state profiles are shown.
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Figure 22 Posterior predictive checks of Project 3a. Distribution of the median Cyougn levels of
1,000 simulated datasets per dose group. The dashed lines show the 90% confidence intervals and
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Figure 24 Scatter plots and distributions of the continuous demographic covariates in Project 3b.
AGE, age (years); WT, weight (kg); HGT, height (cm); BMI, body mass index (kg/m?); BSA, body

surface area (m?).
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Figure 25 Scatter plots and distributions of the continuous laboratory covariates in Project 3b.
SCR, serum creatinine (mg/dL); CRCL, creatinine clearance (ml/min); UREA, urea (mM); ALT,
alanine transaminase (U/L); AST, aspartate transaminase (U/L); AP, alkaline phosphatase (U/L);
GGT, gamma-glutamyl transferase (U/L); BIL, total bilirubin (mg/dL); CK, creatine kinase (U/L);
CHOL, cholesterol (mg/dL); CRP, C-reactive protein (mg/dL); TRIG, triglycerides (mg/dL); FPG,
fasting plasma glucose (mM); DPP, pre-dose DPP-4 activity (RFU).
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Project 3b.
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Figure 28 Visual predictive checks. 1,000 patients per dose group were simulated based on the
final population pharmacokinetic model of Project 4. The solid lines show the 90% confidence
intervals and the median of the simulated concentration-time profiles. The observed linagliptin
plasma concentrations are displayed as dots. The visual predictive checks are depicted in semi-
logarithmic scale for all dose groups. In addition, the visual predictive check for the oral 10 mg dose
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Figure 29 Standard goodness-of-fit plots for the final pharmacokinetic model of Project 5.
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A-3  Model derivation and code of the target-mediated drug

disposition model of linagliptin

A-3.1 Model derivation

The target-mediated drug disposition model of llidin assuming quasi-equilibrium
conditions for the binding of linagliptin to DPPwas derived as exemplified in the
following using a one-compartment model with corication-dependent binding in the
central compartment. A one-compartment model wibhcentration-dependent binding

can be described by equations 1 and 2 accorditigetaw of mass.

dA, oo .
% = InpUt - KON DA\anound |:ﬁBmax,C - Abound )
+ K OFF Dbbound - Kzo DA\mbound

(Equation 1)

dADOUI"I —_ .
dt <= ON DA\anound |:quax,C - Abound )_ KOFF DAbound (Equatlon 2)
dAunbounddt can also be expressed as:
d : :
% =input = Ko A, o —% (Equation 3)

dA\anound = input _ K20 mnbound _ dA}ound Ijj'A\anound (Eq uation 4)
dt dp\mbound Lot

Equation 4 can be rearranged to:

dAmbound + dA)ound |]jp\mbound =
dt dA\anound mt

input — K, A, ,one (Equation 5)

dA\anound I:El + dpbound

=input - K Equation 6
dt d A\mbound :| p 20 DO\anound ( q )

By assuming equilibrium conditions (g&nddt = 0) equation 2 simplifies to equation 7,
with Kg= KOFF/KON-
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(B
A g :—A&b"“"d +";‘X'C (Equation 7)
nbound d

Equation 7 can be differentiated with respect {g.fnayielding equation 8.

B [ +K,)- (B B [K
dAbound — max,C (A\anound d) A\anound max,C — max,C d (E qU ation 8)

dA\anound (A\mbound + Kd )2 (A\anound + Kd )2

Substituting dAcunddAunboungin €quation 6 by equation 8 results in equatiowl®ich was
the basis for the target-mediated drug dispositiadel of linagliptin.

dA\anound = inpUt B KZO |m\mbound
dt 1+ Bmax,C |:Kd

(A\anound + Kd )2

(Equation 9)

A-3.2 Model code

The target-mediated drug disposition model of ligdigy as developed in Project 1 is
constituted by the equations 10-13. To be usedéndifferential equations, the model

parameters need to be transformed as follows:

A max,C = Bmax.C

_ _ _CL _Q _Q
wm Kl - Kd wc’ Kz - Kd WP’ Kzo _V_c, K23 _V_c 1andK32 _V_P

The linagliptin amount A in the depot compartmeh}, the central compartment (2) and
the peripheral compartment (3) is described byedifitial equations 10, 11, and 12,
respectively.

dg‘—fl) =-K, [AQ) (Equation 10)
dA(Z) — Ka DA(]-) + Ky, DQ\(B) ~ Ky DD‘(Z) ~ Ky DD‘(Z)

dt 1+ Anax,c EKl
(A2)+K, )

(Equation 11)

dA(3) - Kas DD‘(Z) ~ Ky, DD‘(3)
dt 1+ Avaxp K,
(AR + K. )’

(Equation 12)

From this the total linagliptin plasma concentratiGy: is calculated as presented in

equation 13.
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2
A(2) Bmax,C % ‘
Cy = v. + . A2) (Equation 13)
d
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